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Abstract
The exposure of the long-term chronic particulate matter (PM) exposure and the acute increases
of ambient PM has been found to aggravate the respiratory symptoms, decrease lung functions, and
increase the cardiovascular morbidity and mortality. Filtration is the dominant technique used to protect
both humans and environment from the pollutants including PM and gases. Among the particle filtration
applications, respirators are widely applied for the protection of the public heath from the PM exposure,
and wall flow filters (i.e., diesel/gasoline particulate filters) are currently employed to mitigate the PM
emission from automobile engines. The above two topics are thus included in this study: (1) performance
study of respirator filter media for the personal protection, and (2) performance study of wall flow filters
for the environmental protection.
In the first part of this study, the performance of clean respirator filter media under the cyclic
flow conditions, mimicking the nature of human’s breathing, were first investigated. The effect of the
breathing frequency, flow rate, and particle size on the clean filter media performance was evaluated. It
was found that the increase of breathing frequency increases the penetration of particles, especially for
ones in small diameters. The performance of the respirator filter media during the light loading were then
investigated under the simulated human’s breathing conditions. Different breathing frequency and
constant flow conditions were also selected to investigate the frequency effect on the loading
characteristics of respirator media. The filter performance with/without the exhaled moisture during the
loading were also compared. The presence of the exhaled moisture can significantly reduce the increase
of medium pressure drop as loaded by particles. In addition, multilayer electret media made up of basic
electret media were proposed to provide a comparable protection from the point view of filtration
efficiency under the shortage of N95 respirators during the respiratory disease pandemics. HVAC Electret
filter media was identified as a good candidate for building multilayered electret media (based on the
figure of merit). The effect of charge distribution of challenging particles on the testing of multilayer
electret media was also examined.

xii

In the second part of this study, the microstructure of wall flow filters was first characterized with
the X-ray nano computerized tomography (Nano-CT). Both the volume-based pore throat size distribution
and collector size distribution of the wall substrate was analyzed, and the Nano-CT was proved a
promising method to directly characterize the microstructure of wall flow filters. A 3-D model
considering the volume-based collector size distribution was built to predict the initial collection
efficiency of the filters under different filtration velocity. The above-developed 3-D filtration model was
further extended to model the depth filtration of the filters. The porosity, permeability, and collector size
distribution in filtration walls of the filters under the particle loading were continuously updated in the
extended model. The model was calibrated using the experimental data of transient pressure drop and
collection efficiency for a wall flow filter (collected in this part of study). More, wall flow filter with flow
channels whose cross-section area either increase or decrease along the channel length were numerically
investigated. The pressure drops and through-wall velocity profiles of the proposed designs under
different loading status (including both soot and ash) were then compared with those for the filters with
constant cross-section area. It was concluded, under the light loading conditions, wall flow filters having
the cross-sectional area of the inlet channel decreasing from the inlet to the outlet offers a less pressure
drop and a more uniform through-wall velocity profile (among ones with straight, convergent, and
divergent flow channels under the investigation).

xiii

Chapter 1 Introduction and Overview
1.1 Introduction to Respirator Filter Media and Wall Flow Filters
Particulate Matter (PM) is a mixture of solid particles and liquid droplets made up of acids,
organic chemicals metals and soil or dust particles. Sources of PM can be both natural and anthropogenic.
Natural sources include volcanoes, dust storms, forest fires, living vegetation and sea spray. While the
manmade sources are highly variable including the vehicle emission, fuel combustion, industrial and
agriculture activities. Also, PM can be divided into primary (direct emission of PM) and secondary
(formed from gaseous precursors) based on their different way of formation.
The PM in atmosphere may scatter and absorb the sun’s energy, change the cloud cover, decrease
the visibility by scattering the light and have a complex effect on the climate change. More importantly,
many toxicological and epidemiological studies have shown the adverse health effects by the PM. Aerodynamic diameter can be used to describe its transport ability in the atmosphere and/or inhaling ability
through the respiratory organism (Esworthy, 2013; Pope et al., 2002). The US EPA has defined the PM as
either inhalable particles with aero-dynamic diameter equal to 10 µm and smaller (PM10 ) or fine inhalable
particles with aero-dynamic diameter that are generally 2.5 µm and smaller (PM2.5). Also, fine particles
with aero-dynamic diameter smaller than 0.1 µm are defined as ultrafine particles. Particles with smaller
aero-dynamic diameter usually have a longer travel distance and will penetrate and deposit on the human
beings’ respiratory tract more deeply. For particulates lager than 10 µm, since they will settle quickly, the
cilia and mucus will act as an effective filter and most of the particulates will be collected in the nose and
throat(Atkinson et al., 2010; Cadelis et al., 2014). Particles between 5 and 10 µm are most likely to
deposit in the tracheobronchial tree, while for particles between 1 and 5 μm, they are more willing to
deposit in the bronchioles and alveoli. Particles smaller than 1 µm will penetrate down to the alveoli and
may translocate into the cell tissue and/or circulation system (Hansen et al., 2001; Jacobson, 2002; Potter
et al., 2003; Valavanidis et al., 2008). Several cohorts’ studies have found both the long-term chronic PM
exposure and the acute increases of ambient PM will increase the cardiovascular morbidity and mortality
1

(Barnett et al., 2006; Bell et al., 2009; Dominici et al., 2006; Miller et al., 2007; Pope et al., 2004; Samoli
et al., 2008; Toren et al., 2007). Others found the increase of PM exposure will aggravate the respiratory
symptoms, decrease lung function and mortality, and increase the medication use and health-care
utilization (Gent et al., 2009; Islam et al., 2007; Lee et al., 2007; O'Connor et al., 2008; Slaughter et al.,
2003). Also, Epidemiologic studies have shown the elevation in PM2.5 was associated with the increase
in lung cancer mortality (Dockery et al., 1993; Pope et al., 2002; Turner et al., 2011). For particles smaller
than 0.1 µm, recent research shows that they can penetrate the cell membranes, enter into the blood, and
even reach the brain. Some investigations indicate that particles can induce inheritable mutations (Somers
et al., 2004).
Since the PM exposure has an adverse effect on human’s health, the respirator filter is widely
used when engineering and administrative controls cannot keep inhalation exposures below a regulatory
limit. According to the Occupational Safety and Health Administration (OSHA) respiratory protection
standard (Title 29, CFR, Part 1910.134), the respirators can be divided into two major types: 1) the air purifying respirators which use filters cartridges or canisters to remove specific air contaminants by
passing ambient air through the air-purifying element; 2) the atmosphere-supplying respirators which
supply the respirator user with breathing air from a source independent of the ambient atmosphere. The
air-purifying respirators typically include the filtering facepiece respirator (FFR), half-facepiece
elastomeric respirator, full facepiece elastomeric respirator, and powered air-purifying respirator (PAPR).
An FFR is a tight-fitting air-purifying respirator in which the whole facepiece functions as the filter. It
may or may not have an exhalation valve to help exhaled breath exit the facepiece. The FFR can only be
used to filter out particles and do not protect against non-particulate hazards such as gases or vapors. The
FFR is usually discarded after use and cannot be cleaned and reused. The half-facepiece elastomeric
respirator is a tight-fitting air-purifying respirator with replaceable filters (for particulates) or cartridges or
canisters (for gases and vapors) which are attached to a rubber or silicone facepiece that covers the nose
and mouth. Different from the FFR, a half-facepiece elastomeric respirator can be used to for many gases
and vapors with the proper cartridges or canisters. Also, it can be cleaned, decontaminated, and reused.
2

The full facepiece elastomeric respirator is a similar respirator as the half facepiece elastomeric respirator.
However, because it has better sealing characteristics it provides a higher level of protection. It can also
be used to protect against liquid splashes and irritating vapors since it covers the user’s eyes and face. The
PAPR has a blower that pulls air through attached filters and then pushes the filtered air into the facepiece.
The PAPR can be divided into loose-fitting and tight-fitting facepiece. Also, there are half-mask PARPs
as well as PARPs that have a helmet or hood. The atmosphere-supplying respirators usually include the
supplied-air respirator (SAR) (or airline respirator) and the self-contained breathing apparatus (SCBA).
The SAR supplies clean breathing air to either a hood or a facepiece through a long hose from a source of
clean air such as cylinder or compressor which is not carried by the user. It can be either tight-fitting or
loose fitting. The SCBA supplies clean breath air from a cylinder of compressed breathing air carried by
the respirator user. The SCBA is tight-fitting and has an elastomeric facepiece that covers the user’ face.
Basically, the selection of respirator must be based on the evaluation of the hazards, for example, the FFR
cannot protect the user from the gas, vapor, or other non-particulate contaminants, you may choose
elastomeric cartridge or canister respirator to provide the effective protection. For more information about
the selection of respirator, one can refer to the respirator selection criteria published by NIOSH (NIOSH,
2004).
Among the various types of respirators, the FFR is most widely used. Taken the US as example,
the National Institute for Occupational Safety and Health (NIOSH) approves three categories, N (not
resistant to oil), R (resistant to oil), and P (oil proof) of the FFRs based on the resistance to filter
efficiency degradation by dioctyl phthalate (DOP). Each category of filter is certified at three levels of
filter efficiency 95%, 99%, and 99.97%, designated as class 95, class 99, and class 100, respectively. The
filtration efficiency of respirator is measured with aerosol particles neutralized to the Boltzmann
stationary state at constant flow rate of 85L/min for the whole respirator according to the current NIOSH
certification (42 CFR Part 84). For certification of R- and P- designated respirators, polydisperse DOP
aerosol with a count median diameter (CMD) of 185 ± 20nm and a geometric standard deviation (GSD)

3

of less than 1.60 is employed. For the N-series respirators, polydisperse NaCl particles with a CMD of
75±20 nm and a GSD of less than 1.86 was used for testing.
Internal combustion engine exhaust constitutes a significant percentage of anthropogenically
emitted particles. PM in the exhaust is a result of incomplete combustion and poor mixture formation in
the combustion chamber. For the light duty vehicle, to meet the more stringent gas emission standard, the
engine technology of gasoline direct injection (GDI) has seen a rapid adoption globally since it can
provide a higher combustion efficiency as compared to traditional port fuel injection gasoline vehicles.
For example, in the US, the GDI engine was first introduced to market in 2007, and by 2016, the market
share for GDI had increased up to 50.7%. Compared with the traditional port fuel injection (PFI) engines
where the fuel is vaporized into the intake port to be mixed with the intake air before entering into the
cylinder and undergoing the combustion, the fuel is directly injected into the cylinder during the
compression stroke for the GDI engine. This new fuel injection offers many advantages such as, less
pumping loss, more precise and flexible fuel volume and injection-timing control, higher compression
ratio, more charge cooling and thus improved fuel economy (Alkidas, 2007; Zhao et al., 1999). Though
the GDI engines can reduce the CO2 emissions, the higher PM mass and particle number (PN) emissions
were also observed due to the possible fuel impingement on the piston and cylinder wall, incomplete fuel
evaporation and the inhomogeneity of air fuel mixture (Chan et al., 2014; He et al., 2012). It has been
reported the PM emissions from the GDI vehicles are significantly higher than that from the PDI vehicles
by a factor of about 10 (Chen et al., 2017). Particles emitted from the gasoline vehicles are a complex
mixture of elemental carbon and volatile organic compounds. Many factors such as engine type, operating
conditions, fuel parameters, and lubricating oil can influence the relative contributions of these elemental
and organic fractions (Chan et al., 2014; Liang et al., 2013). For example, Chan et al. (2014) reported
elemental carbon contributes up to 88% of the total carbonaceous mass over the FTP-75 cycle and 50%
on the US06 test cycle. Wang et al. (2014) found the elemental soot accounts up to 35% of PM mass for
the gasoline, 25% volumetric blend of ethanol in gasoline (E25), and a new biofuel candidate (2,5dimethylfuran, DMF). While for the pure ethanol, only 6.3% of PM mass comes from elemental soot.
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Also, it was found for the GDI vehicles, when the engine runs under the stratified charge mode, there will
be more soot particles generated from the fuel rich region. While when the engine runs under the
homogeneous charge mode, particle emission could be close to the PFI vehicle levels due to the better
pre-mix of fuel and intake air (Graskow et al., 1999; Harris et al., 2001). The particle size distribution is
also dependent on various factors with a peak concentration in the broad size range of 50-100 nm. Hall et
al. (1999) found the size distribution of particles from a GDI vehicle was between 7nm-320nm. The
effects of operating condition, air fuel ratio, and fuel quality on the particle emission were also examined.
Maricq et al. (1999) measured the size distribution of tailpipe particulate emission from 21 gasoline
vehicles and reported the particles emitted in vehicle exhaust have diameters in the range of 10-300 nm
with a mean diameter of about 60 nm. Also, they found both the acceleration and cold start could increase
the PM emission. Khalek et al. (2010) measured the size distribution of the PM emission from a GDI
vehicle over different driving cycles using tree different fuels. Either a bimodal or a monomodal
lognormal size distribution was observed during different driving conditions. The nuclei mode particles
are below 30 nm, while the accumulation mode particles dominate the particle size distribution and own a
number mean diameter of 45 to 60 nm. As aforementioned, the PM pollutant have an adverse effect on
both human health and environment. Especially, since most particles in the engine exhaust are ultrafine
particles, they can penetrate deeper into human lungs and potentially lead to enhanced biological toxicity
due to their high surface area-to-mass ratio (Ferin et al., 1992). Ultrafine particles may even penetrate
directly into the circulatory system and be disseminated systemically (Nemmar et al., 2002; Nemmar et al.,
2001). Many countries or regions have implemented various standards to regulate the PM emissions. In
the US, both the EPA Tier 3 and California’s LEV III standards set the allowable tailpipe particle mass
emissions limit as 3 mg/mi for all light-duty vehicles starting from 2017. The LEV III regulations tighten
again to 1 mg/min starting phase-in in 2025 (Joshi et al., 2018). In Europe, the PM emission limit is set as
4.5 mg/km in Euro 6 standards. Especially, starting in 2014, the new GDI engine must also meet a
particle number (PN) limit of 6.0×1012 particles/km for solid articles larger than 23nm, tightening to
6.0×1011 #/km in September 2017. In China, the emission standards for new passenger cars and light-duty
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commercial vehicles up to China 6 follow the European regulation frameworks. The PM limit of 4.5
mg/km is set for the China 6a standards (implemented since January 1st , 2021) and will be tightened to 3
mg/km in the China 6b standards from July 2023. The particle number limit was set as 6.0×1011 #/km in
the China 6 standards after July 1st, 2020, with the prior PN limit of 6.0×1012 #/km applied to gasoline
fueled vehicles.
To meet the more stringent standards, different methods including the engine optimization (i.e.,
adjusting fuel injection timing and volume, number of fuel injections, fuel injection pressure and injector
placement), choosing appropriate fuel (i.e., controlling heavy aromatic hydrocarbons and increasing
oxygenates in fuel), and the use of after treatment device (i.e., gasoline particulate filter (GPF)) could be
adopted to mitigate the PM emission from GDI engines. Among these options, the gasoline particulate
filter is the most robust method to control the PM emission under real-world driving conditions and
through the life of the vehicle. The diesel particulate filter (DPF) has been used for several decades to
reduce the PM emission from diesel engines. Like the DPF, most commercial GPFs are honeycomb wallflow monoliths with many parallel channels in the longitudinal direction. The adjacent channels are
alternatively blocked at each end. Therefore, the exhaust gas must flow through the wall between the
channels and the particulate matter is trapped on the walls. Wall flow filters are typically extrusions made
from porous material. The most prominent substrate materials currently include cordierite, silicon carbide,
aluminum titanite due to their low coefficient of thermal expansion and high heat capacity. The wall
thickness is typically 300-400 µm, and the channel size can be specified by cell density (number of cells
per unit area, typical value of 100-300 cpsi) (Khair, 2003; Tsuneyoshi et al., 2012). A porosity of 45%-65%
can be commonly found for the wall flow filter. The filtration mechanisms of the wall flow filter include:
(1) Brownian diffusion which plays a more important role with the decrease of particle size and
dominants the collection of small particles, (2) interception when the distance between the particle to the
collector equals to the particle diameter, and (3) impaction which becomes important for large particles.
Also, thermophoresis can be important in the presence of temperature gradient. The soot deposition in the
wall flow filter can be divided into two distinct modes. During the initial filtration process, particles
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deposit inside the filter wall resulting in changes of wall microstructure (i.e., porosity, permeability, pore
size distribution). This deposition mode is referred as the “deep-bed” filtration (Tien et al., 1979). During
the deep-bed filtration mode, both the pressure drops and collection efficiency of the filter increase with
the soot loading (Suresh et al., 2000; Yamaguchi et al., 2005). Once the wall substrate cannot
accommodate any soot deposition, the soot deposits on the surface of the wall and the formation of the
soot cake happens. This filtration mode is commonly referred as soot cake filtration characterized by a
linear relationship of the pressure drop increase and the accumulate soot mass. The filtration efficiency
can be as high as 100% during this mode (Tien et al., 2003). With the accumulation of the PM, the
increase of backpressure may have some negative effects such as increased fuel consumption, engine
failure and stress in the filter. To prevent these negative effects, the wall-flow filter must ignite the
trapped particles to reduce the backpressure. This removal of accumulated PM known as regeneration can
be performed either continuously during the regular operation of the filter or periodically after a certain
quantity of soot has been accumulated. The regeneration methods can be categorized as active or passive
means. For the active regeneration, the exhaust temperature is increased by the external means including
fuel burners, electric heating, micro-wave heating, injection of combustibles in the exhaust, injection of
catalytic in the exhaust and electrochemical filter reactor, or engine means including exhaust gas
recirculation, post-injection of fuel, decrease of boost pressure, intercooler by-pass, injection timing retard.
For the passive regeneration, the catalysts are usually utilized to decrease the soot ignition temperature.
The catalytic means include fuel-borne catalysts, catalytic filter coatings, and reactive species generation
(Konstandopoulos et al., 2000). Based on the addition of catalysts, the wall flow filter can be divided into
bare, or catalyst coated wall flow filter. The repeated regeneration will lead to the ash accumulation which
will significantly affect the lifetime of the wall-flow filter. The generation of the ash is due to the
lubricating oil additives, engine wear as well as the fuel especially when it contains additives for
regeneration promotion. The clogging of the filter due to the ash accumulation has been regarded as one
of the most important problems during the utilization of the wall-flow filter.
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Though the GPF is quite similar with the DPF, due to the different working conditions of the
gasoline engine and the diesel engine, the DPF technology cannot be directly applied to the GDI engines.
For the DPF, due to the higher PM emission out of the diesel engine, a soot layer will be quickly formed
on the wall substrate and serve as the filter medium to collect the upcoming particles leading to a relative
high collection efficiency. However, for the GPF, there is a rare possibility that a soot layer can be formed
on the channel due to the less PM emission in terms of both particulate mass and number compared to
diesel engine (Saito et al., 2011). The particle filtration for the GPF is mainly attributed to the wall
substrate, and the microstructure of the channel wall (i.e., porosity, permeability, pore size distribution)
thus has a more significant effect on the filter performance (i.e., pressure drop and collection efficiency).
Due to the different loading status of the DPF and GPF, the optimization target for the DPF mainly focus
on reducing the pressure drop of the filter during the cake loading, while for the GPF, the optimization
mainly focus on how to improve the filter performance (i.e., increasing collection efficiency and reducing
pressure drop) under the clean or lightly loaded state. Another difference between the working conditions
of the GPF and DPF is the higher exhaust temperature of the gasoline engine which will lead to a higher
volumetric flow rate and therefore a higher pressure drop. Considering the high exhaust temperature and
the relative low soot accumulation (<1-2 g/L), the passive regeneration is the preferred option for the GPF
soot oxidation. However, since the gasoline engines are typically operated under stoichiometric
conditions when the air to fuel ratio is continuously monitored to make sure all the oxygen is consumed
during the fuel combustion (Chan et al., 2016), the regeneration usually happens during the deacceleration
and fuel cuts when excess oxygen is available (Saito et al., 2011).

1.2 Motivation and Objective
Due to the human’s breathing, the respirator filter media usually works under the oscillating flow
conditions (i.e., inhalation and exhalation). However, the current testing standards regulate the testing
under constant flow rate. It is thus a big concern whether the performance of the filter media tested
according to the current standards can reflect the practical filter performance. Also, most of the current
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studies only focus on the performance of clean respirator filter media. However, under certain situations,
for example, when using the respirator in the environment with high particle concentration, or when the
respirator needs to be used repeatedly, the performance of the respirator under light loading conditions
needs to be paid more attention. Besides, the exhalation moisture due to human’s breathing may also have
an effect on the media performance during the long-time using. Also, due to the pandemic of COVID-19,
there is a shortage of the respirators especially when people are not well prepared. Multilayered
composite media made up of basic electret media are proposed to see whether it can provide a comparable
protection as N95 respirators from the point view of collection efficiency.
The major objectives for the first part of the dissertation are:
1. To investigate the performance of clean respirator filter media under oscillating flow
conditions.
2. To investigate the performance of electret-based composite filters assembled from multiple
layers of basic electret filter media.
3. To investigate the performance of respirator filter media during light loading under simulated
breathing conditions.
Due to the widely use of the DPF for several decades, most study about the filtration performance
of wall flow filters focus on DPFs where a mean pore size is commonly used to represent the
microstructure of the channel wall. This simplification may work well for the DPF since the wall
substrate will be quickly saturated, and a soot cake will be formed on the channel wall immediately due to
the high PM emission from diesel engines. The subsequent filtration process is dominated by the soot
layer, and the microstructure of the wall substrate has a limited effect on the filtration performance.
However, as is mentioned before, there is a rare possibility that a soot layer can be formed on the wall
channels of GPFs, and the majority of the lifetime for the GPFs is under initial or light loading status. The
filtration performance of the GPFs thus highly depends on the microstructure of the wall substrate. It has
been reported the microstructure of the wall flow filter is highly heterogeneous with a pore size
distribution. Using the mean pore size to represent the wall substrate microstructure is oversimplified
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when predicting the filtration performance of the GPFs. Also, when using the “unit cell” filtration model
to predict the performance of GPFs, the pore size is converted to the collector size based on an empirical
equation. This indirectly measured collector size may introduce significant uncertainty when predicting
the filtration performance of GPFs. Besides, the dynamic filtration performance of GPFs during the light
loading need to be investigated which can provide useful information to optimize the design of GPFs.
Also, for all the commercialized wall flow filters, the filter channel owns a constant cross-section area
along the channel length. However, the channel design changing the cross-section area along the channel
length may provide some benefits on the pressure drop and the uniformity of the through-wall filtration
velocity.
The major objectives for the second part of the dissertation are:
1. To improve the filtration model used to predict the performance of clean wall flow filters with
the wall substrate characterized by the Nano-CT.
2. To develop a dynamic filtration model used to predict the performance of wall flow filters
during depth filtration considering the heterogeneous wall microstructure.
3. To optimize the design of wall flow filters by changing cross-section of the channel along the
filter length direction.

1.3 Dissertation Structure
In addressing the two major components, the whole dissertation contains eight chapters. The first
part, including chapter 2, 3, 4, focuses on the performance study of respirator filter media including the
performance of clean filter media and the performance of filter media under light loading. The second
part, including chapters 5, 6, 7, focuses on the development of the filtration model for the wall flow filters
including the initial filtration model for the clean filter and the dynamic filtration model for the depth
filtration and the optimization of the wall flow filter design.
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In chapter 1, an overview of respirator filter media and wall flow filters are presented. A general
introduction, background information and research objectives for the performance study of respirator
filter media and wall flow filters are given.
Part I:
In chapter 2, a general introduction on the current testing standard of the respirator filter media
including the surgical mask and the filtering facepiece respirators (FFRs) are given. Experimental studies
on the performance of respirator filter media including the effect of flow condition and air humidity are
reviewed. This review leads to the performance study of clean respirator filter media under the inhalationexhalation flow conditions and the performance study of respirator filter media during light loading under
the simulated breathing conditions.
In chapter 3, the performance of clean filter media under the oscillating flow conditions was
investigated. A flow simulator was utilized to generate the sinusoidal oscillating flow with different
amplitudes and oscillating frequencies. The effect of flow rate, oscillating frequency and particle size on
the filter media performance was investigated. An empirical model based on the single fiber theory was
developed to predict the collection efficiency of the mechanical filter media for the small particles. Also,
the composite filter media made up of multiple layers of basic electret media were proposed to serve as
the alternatives of the N95 respirator during the COVID-19 pandemic. The collection efficiency and
figure of merit (FOM) of composite filter media made up of different basic filter media were measured
and compared with those of N95 respirators. Also, the effect of particle charge distribution on the
performance testing of multi-layer electret media was examined.
In chapter 4, the performance of electret respirator filter media during light loading under the
simulated human’s breathing conditions was investigated with both submicron and super-micron NaCl
particles. A humidity controller was added in the exhalation line of the flow simulator to simulate the
human’s exhalation moisture. As the reference, the performance of filter media loaded under the
inhalation-exhalation without exhaled moisture and constant flow condition at different relative humidity
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(RH) was further investigated to identify the effect of the flow oscillation, exhaled moisture, RH, and
particle size on the performance of electret filter media during the light loading.
Part II:
In chapter 5, the numerical study about the performance of wall flow filters and the
characterization methods for the microstructure of the wall substrate were reviewed. The optimization of
wall flow filter design was also summarized. This review leads to using the X-ray tomography (XRT) to
identify the 3-D microstructure of the wall substrate to improve the “unit cell” filtration model and
optimizing the wall flow filter design by changing the cross-section area of channels along the channel
length.
In chapter 6, the microstructure of the wall flow filter substrate was first characterized with the
XRT. The volume-based pore throat size distribution obtained from XRT was compared to the
measurement by the MPI to check the rationality of our characterization settings. The volume-based
collector size distribution was then directly characterized with the XRT. The “unit cell” filtration model
considering this volume-based collector size distribution was then built into a 3-D multi-scale model to
simulate both the initial and depth filtration performance of the wall flow filters. For the initial filtration
model, based on the experimental data, the classical unit cell filtration model was well-tuned to
reasonably predict the initial filtration performance of the clean filter. Finally, a dynamic filtration model
describing the depth filtration of wall flow filter was developed. The well-tuned unit cell model
considering the volume-based collector size distribution was extended to this model. The microstructure
changes of the wall flow filter (i.e., porosity, permeability, collector size distribution) due to the particle
deposition were well characterized in this model, and the experimental data was used to calibrate this
model then .
In chapter 7, an optimization design of wall flow filters with convergent/divergent inlet and outlet
channels was proposed. Assuming the ash is accumulated at the bottom of the inlet channel and the soot is
uniformly distributed along the channel length, the pressure drops and the uniformity of the through wall
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velocity along the channel length for these proposed designs were compared to those of wall flow filters
with constant channel cross-section area under different loading conditions.
In chapter 8, the accomplishments for this dissertation are summarized, and the deserve future
research efforts are proposed.
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Chapter 2 Review of Performance Study of Respirator Filter Media
2.1 Testing Standards for Respirator Filter Media
Face masks have been used to protect people from the respiratory aerosols (Cowling et al., 2010;
MacIntyre et al., 2009). Among the various face masks designed for commonplace use, medical masks
(also known as surgical/procedure masks) and filtering facepiece respirators (FFRs) are the most
commonly used. Medical masks are designed to protect a sterile medical field from contamination by
particles exhaled by patients and health workers, or to reduce the exposure of healthcare workers to blood
and other bodily fluids during medical procedures. By their original design, medical masks are not
appropriate for protecting wearers from small respiratory particles due to their inadequate filtering and
fitting attributes. In contrast, FFRs are designed to cover the human nose and mouth tightly in order to
protect wearers from airborne particles, such as biological materials (e.g., mold, Bacillus anthracis,
mycobacterium tuberculosis), SARS viruses, Avian Flu, Ebola Virus, etc. and particulate matters (PM).
FFRs thus provide much better protection than face masks.
The mechanisms by which to collect particles for the fibrous filter include Brownian diffusion,
interception, impaction, gravitational settling, and the electrostatic attraction. Particles suspended in the
gas will rapidly come into the thermal stationary status, and a constant exchange of energy between the
particle and gas molecules will result in the familiar microscopic motion known as Brownian motion.
This Brownian motion is greater for the small particles and will make some particles depart from their
original streamline and be collected by the fiber. Collection due to interception occurs when the distance
between the particles following the streamlines and the surface of the fiber happens to be equal to the
radius of the particle. The particle hits the fiber and be captured. For the impaction, particles with high
inertia are captured when they cannot adjust quickly enough to follow the abruptly changing streamlines
near the fiber and hit the fiber. Due to the gravity, particles can also shift from its original streamline and
be collected by the fiber, however, compared with other mechanisms, this effect is insignificantly unless
the particle size is large, and the flow velocity is high. All the previous mechanisms are called mechanical
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mechanisms. When the fibers and/or particles contain charges, the particle can be collected by the fiber
due to electrostatic attraction. When the fiber and particles both are oppositely charged, the coulombic
force dominates the particle collection. While the neutral particles can also be attracted on the charged
fibers since the charged fiber will induce a dipole in the particle and a net force in the direction of the
fiber can drive the particles to move toward the fiber. Also, for the case of charged particles and neutral
fibers, the charged particles can induce an equal and opposite charge in the fiber and be attracted by the
fiber. Electrically charged filter media can provide a higher collection efficiency while a low pressure
drops and thus are widely used as the respirator filter media.
In the US, the FFRs are certified by the National Institute for Occupational Safety and Health
(NIOSH) under regulation 42 CFR Part 84. Based on the resistance and media degradation, particulate
respirators are classified into the N (non-resistant), R (resistant), and P (proof) series. PPRs with the
minimum particle filtration efficiency of 95%, 99% and 99.97% are rated as 95, 99 and 100, respectively.
To measure the filtration efficiency, the FFRs in the N series are challenged by continuously flowing
neutralized polydisperse NaCl solid particles with a count median diameter (CMD) of 0.075±0.020 µm
and a geometry standard deviation (GSD) of <1.86 at a flow rate of 85±4 L/min through the respirators.
Neutralized polydisperse dioctyl phthalate (DOP) liquid particles with a CMD of 0.185±0.020 µm and a
GSD of <1.6 are used for FFRs in the R and P series. An entire FFR with the filtration area of ~135 cm2 is
tested under the 85 L/min flow rate, resulting in a face velocity of ~10.5 cm/s. The mass concentration of
particles upstream and downstream of a test FFR are measured by a light-scattering photometer, under the
condition that the upstream particle concentration should not exceed 200 mg/m 3. Table 2.1 lists the test
standards for the filtration efficiency of FFRs in various countries/regions for reference.
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Table 2.1 The comparation of various testing standards for the particle filtration efficiency of FFRs
Country

USA

China

Europe

Japan

Standard

Aerosol type

Particle size

NaCl (N-series)

0.075±0.020 µm CMD
(GSD<1.86)

42 CFR
part 84

≤200mg/m3
DOP (R- or P- series)

0.185±0.020 µm
CMD(GSD<1.6)

NaCl (KN- series)

0.075±0.020 µm
CMD(GSD<1.86)

GB 26262006

EN
149:2001+
A1(EN
132747:2019)

JIS T 81512018

concentration

Particle
charge

Aerosol
detector

Flow
rate

Sample size

Neutralized

Forward-lightscattering
photometer

85±4
L/min

Entire
Respirator
(Including
surgical N95
respirator)

Neutralized

Testing range
0.001~200
mg/m 3,
Accuracy 1%

85±4
L/min

Entire
Respirator

Nonneutralized

Flame
photometer

95
L/min

Entire
Respirator

Undefined

Lightscattering type
particle
concentration
meter

85L/mi
n

Entire
respirator

≤200 mg/m3

DOP (KP- series)

0.185±0.020 µm
CMD(GSD<1.6)

50~200 mg/m3

NaCl

0.06 µm~0.1 µm CMD
(GSD 2.0~3.0)

4~12 mg/m3

Paraffin oil

0.29 µm~ 0.45 µm CMD
(GSD 1.6~2.2)

15~25 mg/m3

NaCl (RL- or DLseries)

0.06-0.1 µm CMD
(GSD<1.8)

≤50 mg/m 3

DOP (RS- or DSseries)

0.15-0.25 µm CMD
(GSD<1.6)

≤100 mg/m
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Surgical masks are cleared by the Food and Drug Administration (FDA) in the US. The tested
parameters for surgical masks include fluid resistance, particulate filtration efficiency (PFE), bacteria
filtration efficiency (BFE), differential pressure, and flammability. For the PFE, as is shown in Table 2.2,
neutralized latex spheres in the size range of 0.1~5 µm are used to challenge a circular sample of surgical
mask media with a diameter of 50-150 mm at the face velocity of 0.5-25 cm/s, according to the ASTM
2299 standard. Optical particle counters are used to measure the particle number concentration both
upstream and downstream of the filter sample under the condition that the upstream particle number
concentration should be less than 102 particles/cm3. In contrast to the ASTM F2299 standard, unneutralized polystyrene latex particles of 0.1 µm in diameter are recommended in the FDA guidelines.
The BFE of surgical masks is tested using un-neutralized staphylococcus aureus bacteria aerosols with a
mean particle size (MPS) of 3.0±0.3 µm at the flow rate of 28.3 L/min against a whole surgical mask
according to the ASTM F2101-19 standards and FDA guidelines. A six-stage viable particle cascade
impactor is recommended for collecting the bacterial aerosols. The bacterial aerosol delivery rate must be
maintained at 1,700-3,000 viable particles per test. The testing methods in different countries and regions
are given in Table 2.2 for reference. No standard has been established in Europe or Japan for the PFE
testing of surgical masks. In comparison, FFRs and surgical masks are divided into various levels
according to their minimum filtration efficiency. Table 2.3 summarizes the efficiency level of face masks
in US, China, Europe, and Japan.
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Table 2.2 The comparation of testing standards for the particle filtration efficiency of face masks
Country

USA

Test
method

Standard

Aerosol type

Particle size

concentration

BFE

ASTM F2101-19

Staphylococcus
aureus bacteria

3.0±0.3 µm
(MPS)

1700-3000
viable
particles per
test

PFE

ASTM
F2299/F2299M03(2017)

latex
sphere

0.1~5 µm
(MPS)

<102
particles/cm3

FDA guidance

polystyrene
latex particles

0.1 µm
monodisperse

<102
particles/cm3

YY 0469-2011
YY T 0969-2013

Staphylococcus
aureus bacteria
(ATCC 6538)

PFE

BFE

China

EN 14683:2019

Aerosol
detector
Six-Stage
Viable
Particle
Cascade
Impactor

Neutralized

Optical
particle
counters

Unneutralized

Optical
particle
counters
Six-Stage
Viable
Particle
Cascade
Impactor

Unneutralized
NaCl

0.075±0.020
µm CMD
(GSD<1.86)

≤200 mg/m3

Staphylococcus
aureus bacteria

3.0±0.3 µm
(MPS)

2200 ± 500
CFU per test

GB 19083-2010

BFE

Unneutralized

2200±500
CFU per test

YY 0469-2011
PFE

Europe

3.0±0.3 µm
(MPS)

Particle charge
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Sample type
and size

28.3
L/min

Medical face
mask,
Entire mask

Face
velocity
0.5-25
cm/sec

Six stage
cascade
impactor

Medical face
mask,50–150
mm diameter
circle

Face
velocity
0.5-25
cm/sec

Medical face
mask,50–150
mm diameter
circle

28.3
L/min

Single use
medical
mask/surgical
mask, Entire
mask

30±2
L/min
Undefined

Unneutralized

Flow
rate

85±2
L/min

28.3
L/min

Surgical mask
100cm2
Medical
respirator,
entire
respirator
Medical face
mask,
minimum 100
cm2

Table 2.3 The summary of the particle collection efficiency for face masks and FFRs in different types
Country

Type

Standard

Particulate
respirator

CFR 42-84-1995

Medical face
mask

ASTM F2100-19

≥30

≥80

≥90

USA

China

Particulate
respirator
Medical
respirator
Surgical
mask
Single-use
medical
mask

a

KN90
KP90

GB 19083-2010

Level 1

YY 0469-2011

EN
149:2001+A1(EN
13274-7:2019)

Medical face
mask

EN 14683:2019

Particulate
respirator

JIS T 8151-2018

≥99
N99
P99
R99

≥99.9

√(PFE)

≥99.97
N100
P100
R100

KN100
KP100

Level 2

Level 3

√ (BFE)
√ (BFE)

YY T 0969-2013

Particulate
Respirator
Europe

Japan

GB 2626-2006

Collection efficiency (%)
≥94
≥95
≥98
N95
P95
R95
Level 2
Level 1
Level 3
(BFE,
(BFE,
PFE)
PFE)
KN95
KP95

FFP1

FFP2

FFP3
Type I a
（BFE）

RS1
DS1
RL1
DL1

RS2 DS2
RL2 DL2

Type II
Type IIR
(BFE)
RS3
DS3
RL3
DL3

Type I medical face masks should only be used for patients and other persons to reduce the risk of spread of infections particularly in epidemic or

pandemic situations. Type I masks are not intended for use by healthcare professionals in an operating room or in other medical settings with
similar requirement
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2.2 Review of the Performance Study of Respirator Media
Many researchers have investigated the performance of respirators under the constant flow
conditions (Balazy et al., 2006; Eninger et al., 2008; Huang et al., 2013; Janssen et al., 2007; Qian et al.,
1998; Rengasamy et al., 2008). Balazy et al. (2006) investigated two models of N95 FFRs against NaCl
particles ranging from 10-600 nm in diameter at two constant flow rates of 30 and 85 L/min. They found
the MPPS transited from ~300 nm for the mechanical filters to ~30-70 nm for the electret filters, and the
penetration through a face-sealed N95 respirator might be in excess of the 5% threshold for particles at
MPPS. Eninger et al. (2008) challenged three FFRs (two models of N99 and one model of N95) with both
inert NaCl particles of 20~500nm in diameter and three virus aerosols under three constant flow rates of
30,85 and 150 L/min, they concluded the MPPS was <0.1 um for all the FFRs, and the inhalation airflow
had a significant effect upon particle penetration through the tested respirator filters. Janssen et al. (2007)
evaluated the workplace performance of an N95 FFR in a steel foundry and found the respirator can
provide adequate protection, and all contaminant concentrations inside the respirator were well below the
relevant occupational exposure limits. Rengasamy et al. (2008) investigated the filtration performance of
N95 and P100 FFRs against monodisperse silver particles of 4, 8, 12, 16, 20, and 30 nm and 11 different
sizes monodisperse NaCl particles in the range of 20-400nm at 85 L/min flow rate. They found the
filtration efficiency of the FFR increases with the decrease of particle size for particles below 30 nm, and
NIOSH-approved air-purifying respirators can provide expected levels of filtration protection against
nanoparticles. Also, Huang et al. (2013) used the semi-empirical filtration model to examine the effect of
face velocity, fiber diameter, packing density, filter thickness and fiber charge density on the performance
of respirator. They found for the electret filters, the MPPS will increase with the increasing of fiber
diameter, face velocity and decrease with the increase of packing density, thickness, and fiber charge
density.
Though the constant flow rate of 85 L/min is employed in the current standard FFR testing
procedure, the FFRs actually work under the cyclic flow conditions in the practical application due to the
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nature of human’s breathing including both the inhalation and exhalation. Some researchers have
investigated the filter performance under the more realistic cyclic inhalation-only flow conditions and
compared it with the filter performance under the corresponding constant flow rate (A. Bahloul et al.,
2014; Brosseau et al., 1990; Cho et al., 2010; Eshbaugh et al., 2009; Haruta et al., 2008; Mahdavi et al.,
2014; Mahdavi et al., 2015; Stafford et al., 1973; Wang et al., 2017). Based on the literature review, a
sinusoidal flow curve can be simply used to represent the inhalation and exhalation breathing pattern. The
sinusoidal flow curves can be described by Minute Volume Flow, Mean Inhalation Flow (MIF) and Peak
Inhalation Flow (PIF). The Minute Volume Flow is the total inhaled air over one minute. The Mean Flow
means the average flow rate during the half-cycle of inhalation and the PIF represents the highest flow
rate during the half-cycle of inhalation. For the sinusoidal flow curves, the PIF is π times of the Minute
Volume Flow and π/2 times of MIF. The Minute Volume Flow, MIF and PIF can be used as a simple
description of a cyclic sinusoidal flow in terms of constant flow. Stafford et al. (1973) used the
Polystyrene latex (PSL) particle of 0.176, 0.234, 0.312, 0.5, 0.79, 1.011 um in diameter to challenge the
respirator filter cartridges under three cyclic inhalation-only flow conditions (MIFs of 30, 35 and 53
L/min) and one constant flow of 32 L/min. They found the maximum particle penetration under cyclic
flow conditions was higher than that under the constant flow condition. Eshbaugh et al. (2009) measured
the penetration of N95 and P100 respirators using monodisperse particles ranging from 0.02 to 2.9 um
under three constant flow rates of 85, 270 and 360 L/min and four cyclic flow rates of 40, 85, 115 and 135
L/min as the minute volume. They concluded that the appropriate corresponding constant flow rate to
predict the performance of filter under cyclic flow are between a constant flow equivalent to the MIF and
the PIF of the cyclic flow. Haruta et al. (2008) investigated the penetration of two N95 respirators with
ultrafine PSL particles in the diameter of 25, 65 and 99 nm under four constant flow rates of 15, 30, 85
and 135 L/min and cyclic flows with the same equivalent MIFs. They observed that the difference of
particle penetration between cyclic flow conditions and corresponding constant flow conditions was in
fact flowrate dependent. A. Bahloul et al. (2014) evaluated the penetration of poly-disperse NaCl particles
within the range of 10-205.4 nm under several cyclic flow rates with MIFs ranging from 42-360 L/min
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and the constant flow rate with the same range. They concluded that the constant flow rate equal to the
MIF of the cyclic flow could better predict the results of corresponding cyclic flow, since the MPPS
penetrations were equal to or greater than the MPPS penetrations of the cyclic flow. Limited number of
studies have investigated the effect of the frequency of the cyclic flow on the particle penetration through
the filter media. Mahdavi et al. (2014) tested the penetration of polydisperse NaCl particles under two
cyclic flow rates (PIFs of 135 and 360 L/min) with two different frequencies (24 and 42 breaths per
minute). They found that for both inhalation-only and inhalation-exhalation process, the increase of flow
oscillating frequency increased the particle penetration through the filter media while the effect of cyclic
frequency on the particle penetration of filter media was secondary as compared to the effect of the flow
rate. Wang et al. (2017) investigated the effect of flow oscillating frequency on the penetration at MPPS
of respirator filter media in the inhalation-only case. They concluded that the peak particle penetration
increased with the increase of both flow oscillating frequency and flow rate.
Due to the shortage of the respirator during this COVID-19 pandemic, it is not uncommon that
the respirator filter media was used for a long time before being replaced under the human’s breathing
with exhaled water vapor. The performance of the respirator filter media under the light loading
conditions thus needs to be investigated. Also, the humidity is another factor that may influence the
performance of filter media. Many studies have been reported concerning the relative humidity effect on
the performance of mechanical filter during loading. Gupta et al. (1993) investigated the effect of
humidity on the pressure drop of the HEPA filter loaded with non-hygroscopic aluminum oxide particles
(0.5 and 1 µm MMD) and hygroscopic NaCl particles (0.5 and 1 µm MMD). They found the specific
cake resistance decreased with the increase of humidity for both non-hygroscopic and hygroscopic
particles (at humidity below the deliquescent point) which means for the same mass loading, the pressure
drop is smaller under the higher humidity. While when the humidity is above the deliquescent point, the
pressure drops across the filter increased nonlinearly with the continuing loading of NaCl particles. Later,
Miguel (2003) focused on the permeability change of the fibrous filter loaded with both hygroscopic
NaCl and non-hygroscopic aluminum oxide particles. They found the filter permeability increased with
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the increase of RH except for the hygroscopic NaCl particles at RHs above the deliquescent point. Joubert
et al. (2010) investigated the influence of RH on the developing of pressure drop for both flat and pleated
HEPA filters clogged by polydisperse hygroscopic and non-hygroscopic aerosols and found for the flat
filters, the results is in agreement with the observations reported by Gupta et al. (1993). However, Kim et
al. (2006) concluded the humidity had no effect on filtration efficiency at particle sizes below 100 nm for
the glass fibrous filters. Also, Ribeyre et al. (2017) investigated the impact of relative humidity changes
on the pressure drop of a nanostructured deposit consisting of non-hygroscopic particles. They found with
the increase of RH, the cake thickness decreased, and the pressure drop increased. Limited study has been
done about the effect of humidity on the performance of electret media. Montgomery et al. (2015) loaded
the flat sheet HVAC electret filters with hygroscopic, non-hygroscopic and a mixture of particles
respectively in dry air and then exposed them into an elevated RH to see the impact of RH on the filter
performance. They found for filters loaded with hygroscopic particles, the flow resistance and filter
efficiency decreased after the exposure of high RH. Also, further increasing of the RH caused additional
drops. The response to humidity was reduced if the non-hygroscopic particles were involved, and
exposure of filters loaded with only non-hygroscopic particles did not show the dependence on RH. Li et
al. (2020) investigated the effect of the RH on both the initial collection efficiency and loading
characteristics of three HVAC electret media. they concluded the initial collection efficiency is
independent on the RH which means the water molecules did not degrade the media charge. Also, they
found for the hygroscopic particles, a higher RH can slow down the increase of pressure drops when the
RH is smaller than the deliquescence point. When the RH is higher than the deliquescence point, during
the initial loading period of time, the pressure drops increase slowly due to the uniform deposition of the
deliquescent droplets on the outer surface of the fiber. With the continuing loading, the pressure drop
show a significant increase due to the clogging of the filter by the liquid film.
For the humidity effect on the performance of respirators made up of the electret media, among
the limited studies, most researchers focus on the performance of clean respirator. Some researchers have
found the efficiency of respirator filter media decreased with the increase of RH (Gao et al., 2016;
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Mostofi et al., 2011; Moyer et al., 1989). Gao et al. (2016) investigated the effect of RH on the filtration
performance of clean N95 FFRs and concluded that increasing the RH decreased the filter efficiency. The
authors argued the possible explanation is that the decrease of the surface charge under high RH leads to
the decrease of filter efficiency as reported in some studies (Ikezaki et al., 1995; Łowkis et al., 2001;
Motyl et al., 2006). However, the same as what have been observed later by Li et al. (2020), Mahdavi et
al. (2015) found after the 6 hours exposure under high RH, the initial collection efficiency of the FFR did
not show a significant change which was contradicted with the report that the charge degradation under
high RH leaded to the decrease of filter efficiency.
Mahdavi et al. (2015) also investigated the filtration efficiency for a model of N95 FFRs during
the loading process under inhalation-only flow conditions at different RHs. They found a higher RH level
decreased the filter efficiency. No information about the effect of RH on the pressure drop change during
the loading was reported. Raynor et al. (2000) pointed out that when the RH is higher than the
deliquescent point (75% for the NaCl particles), the hygroscopic particles become droplets (or partially
droplet), and the liquid droplets collected on the fiber surface made some fiber sections unavailable
resulting in the lower overall filter efficiency. Walsh et al. (1998) also had proved that the decrease in the
filtration efficiency of the electrically active filter materials during loading is due to that the fiber charge
was screened by the deposited aerosol. The loading effect on the performance of respirators under
constant flow conditions were also incestigated by other researchers (Barrett et al., 1998; Mostofi et al.,
2011; Moyer et al., 2000), while the RH effect due to the human’s breathing was not considered in these
studies.
Based on the previous literature review, many researchers have investigated the performance of
FFR media under either constant or inhalation-only flow conditions, while only limited studies have taken
account of the exhalation process which may have a significant effect on the performance of FFR
especially for the FFR without exhalation valve. For the effect of the humidity on the performance of
respirator, there is still a discrepancy whether the increase of the humidity can lead to the decrease of the
collection efficiency for the respirator. Also, most of studies only focused on the effect of RH on the
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initial filter, and none of studies have considered the effect of human’s exhaled vapor on the performance
of the respirator during the light loading.
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Chapter 3 Performance Study of Clean Respirator Filter Media
3.1 Performance Study of Respirator Filter Media under Oscillating Flow
Conditions
3.1.1 Introduction
In this study, the particle penetration of clean fibrous filter media under cyclic flow conditions
(i.e., with zero base flow) was investigated. Sinusoidal flow patterns were employed to represent cyclic
flow conditions. Two mechanical glass-fiber filter media and one electret filter media were selected for
this study. For the sinusoidal flow patterns, different flow amplitudes and oscillating frequency were set.
The effect of flow rate, oscillating frequency, and particle size on the particle penetration of filter media
were evaluated. A semi-empirical model was then developed to estimate the particle collection efficiency
of the mechanical filter media under cyclic flow conditions for small particles.

3.1.2 Experimental Setup and Testing Method

Figure 3.1 Schematic diagram of experimental setup for measuring the penetration under oscillating and
constant flow conditions.
Figure 3.1 shows the schematic diagram of experimental setup used in this study. A condensation
mono-disperse aerosol generator (TSI 3475) was used to generate Di-iso-octyl sebacate (DEHS) particles
in the sub-micrometer size range. In the generator, an atomizer with the NaCl solution of 20 mg/L was
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applied to generate nuclei particles carried in N2 gas. Nuclei particles were introduced into the saturator
filled with DEHS vapor by heating DEHS oil. The mixture of NaCl nuclei and DEHS vapor then entered
the condensation tube to condense the DEHS on nuclei particles. Relatively monodisperse, oil-coated
particles (with the geometrical standard deviation of ~1.3) were thus produced at the exit of the condenser.
As an example, Figure 3.2 shows the size distribution of the generated monodisperse particles in the
diameter of 150nm. The mean size of produced particles could be adjusted by varying both the
temperatures of saturator and reheater, and the flow rates of saturator and screen. A differential mobility
analyzer (DMA, TSI 3081) was further applied to classify DEHS-coated particles at the median size,
using as test particles. A make-up flow line with a HEPA filter cartridge and a needle valve was included
to adjust the aerosol flow entering the analyzer to ensure the aerosol-to-sheath flowrate ratio is 1:10. Prior
to the testing chamber, the electrical charge on DMA-classified particles were minimized by a radioactive
Po210 neutralizer.

Figure 3.2 The size distribution of 150 nm monodisperse particles generated by condensation
monodisperse aerosol generator.
The test chamber in the vertical configuration was constructed by a plexiglass pipe with 12” in
diameter and 50” in height. A PVC cross was installed at the top of the test chamber. Since the minimized
charge level and low concentration of test particles, the chamber and PVC wall has negligible effect on
the charge level of test particles. Produced particle stream was injected into the cross from the top
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opening. Both side openings of the cross were used to introduce clean make-up air after passing through
two HEPA cartridges. Diluted particle stream then passed through a perforated disk prior to entering the
test chamber. The function of the perforated disk was to uniformly distribute particle concentration in the
cross-section of test chamber. A vacuum pump was applied at the bottom of test chamber to move the
chamber flow. Particles in the chamber flow were removed by a HEPA filter cartridge and the chamber
flow rate was monitored by a mass flow meter (TSI 4000). A second perforated disk was also installed
near the chamber bottom to ensure the flow uniformity in the test chamber.
An open-ended filter holder with media holding cap in minimal thickness was specially designed
for this study to house test filter media (also shown in Figure. 3.1). A sample filter media with 47 mm
diameter (having an effective filtration area of 10.18 cm 2) was held between the media cap and base of
the holder. The filter holder was positioned above the perforated bottom disk (along the chamber axis) in
the chamber. A 1/8” OD tube with multiple side holes was inserted in the holder to sample particles at the
immediate downstream of test media. The concentration of sampled particles was measured by a
condensation particle counter (CPC, TSI 3775). To further assure the uniformity of particle concentration
downstream of studied media, a small, perforated disk was placed below the sampling probe in the holder
base. A differential pressure transmitter (OMEGA PX277) was also applied to monitor the pressure drop
across test filter media during the testing. A HEPA filter cartridge was connected at the downstream of
the filter holder to remove particles penetrating through the filter media. After the filter cartridge, a flow
simulator (Series 2000, Hans Rudolph) was applied to drive cyclic flow in the filter holder. A sinusoidal
profile of the flow rate was selected in this study as the representative of cyclic flow. By varying the
suction volume and frequency, sinusoidal cyclic flow conditions with desired characteristics were created
by the flow simulator. An additional line was also included after the filter cartridge to support the constant
flow testing. A mass flow meter (TSI, 4100), a needle valve and a vacuum pump were included in the
additional line to control the constant flow rate.
An ultrafine condensation particle counter (UCPC, TSI 3776) was applied to measure the
upstream particle concentration. The upstream sampling probe was placed at the position of 0.5’’ above
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the filter media to measure the local particle concentration in front of test filter media. The measured local
particle concentration was used as the upstream particle concentration in the later data analysis. The
LabVIEW software was used to record the readings of two CPCs and pressure transducer via the data
acquisition board (National Instruments USB-6351). Before carrying out the experimental runs, an
additional experiment was performed to calibrate the readings of two CPCs because of the particle loss in
the filter holder and the use of two different CPCs. In this experiment, no filter media was placed in the
filter holder. Negligible difference between two CPC readings (i.e., less than 5%) was observed for
selected particle sizes.

Figure 3.3 Definition of ASFR for test cyclic flow in the sinusoidal flowrate profile
The sinusoidal flowrate profile was selected in this cyclic flow testing. The selection of sinusoidal
flowrate profile is because it has been used in the literature investigating the filtration performance of
filter media under the breathing conditions. The variables to characterize the selected flowrate profile are
shown in Figure 3.3. The ASFR is defined as the Average of Suction Flow Rate in the suction period of a
testing flow cycle (i.e., the first half-period of a cyclic flow profile). Table 3.1 summarizes the
characteristics of cyclic flow selected in this study. The selection of listed ASFRs is to achieve the
average filter media face velocities of 10.5, 21.0 and 42.0 cm/s. The frequency of 6, 24 and 40 cycle/min
were chosen in this study. Two mechanical filter media made of glass fiber, named as media A and B, and
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one electret filter media, named as media C, were tested. The basic property of studied filter media can be
found in Table 3.2 for the reference.
Table 3.1 Characteristic parameters of oscillating flows in the sinusoidal flowrate profile used in this
study.
ASFR (L/min) for 10.2
cm 2 filter media

a

Corresponding Constant
Face Velocity (cm/s)

6.422

10.5

12.844a

21.0

25.688

42.0

Frequency(min-1)

Suction volume (L)

6
12 b
24
40
6
12
24
40
6
12 b
24
40

0.535
0.268
0.134
0.080
1.070
0.535
0.268
0.161
1.070
0.535
0.268
0.161

Only for 50nm particles. b Only for 30 and 50nm particles.

Table 3.2 Basic properties of three fibrous filter media tested in this study.

120.20

Pressure drops
at 10cm/s
(inH 2O)
0.77

Filter
Thickness
(mm)
0.75

Glass fiber

80.20

0.93

Electret filter

57.64

0.19

Filter
Media

Media type

Basic Weight
(g/m 2)

A

Glass fiber

B
C

Permeability
(m 2)

Packing
density

7.61×10-12

0.059

Effective
fiber diameter
(µm)
2.40

0.58

4.45×10-12

0.052

1.45

0.80

3.02×10-11

0.084

7.00

To evaluate the effect of particle size on the performance of test filter media under the cyclic flow
condition, DEHS particles with electrical mobility diameters of 30, 50, 100, 150 nm were classified by the
DMA (TSI Model 3081). Notice that the MPPS of studied mechanical filter media (media A and media B)
under the constant flow testing (at the face velocity of 10 cm/s) is ~100 nm. To have maximal
concentration of DMA-classified particles, the size distribution of particles generated by the condensation
monodisperse aerosol generator was measured by TSI SMPS (scanning mobility particle sizer with a
DMA TSI model 3081) prior to the classification. The operational parameters of the generator were
adjusted to produce particles with the peak size close to the desired one. Once achieved, produced
particles were then passed through the DMA to select test particles of desired size.
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In this study, the particle concentration in the test chamber was kept in the range on the order of
102 -103 #/cm3 to minimize the effect of particle loading on the filtration performance of test filter media.
To support the above statement, typical filter pressure drops curves of Media A, B and C in the first and
last cycle of test flowrate were shown in Figure 3.4. The above data were taken under the testing of cyclic
flow with ASFR of 25.6 L/min and frequency of 6 min -1, and test particles in the size of 150 nm. As
evidenced, the filter pressure drops curves in the first and last cycles remains unchanged, indicating the
effect of particle loading is negligible on the filtration performance of test media. The average particle
concentrations both upstream and downstream were employed to calculate the penetration of particles in
the test sizes. Each sample was tested for 3min and at least three filter samples were evaluated for each
testing case.

Figure 3.4 Pressure drops curves of Media A, B and C in the first and last cycle with ASFR of 25.6 L/min,
frequency of 6 min-1 , and the test particles in the size of 150 nm.

3.1.3 Results and Discussion
3.1.3.1 Particle penetration for mechanical filter media
Both filter media A and B are mechanical. For the reference, the MPPS of media A and B is ~100
nm under the constant flow conditions. Figure 3.5 shows the penetration of particles through test filter
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media under cyclic and constant flow (Frequency = 0min-1) conditions with the ASFR of 6.4 and 25.6
L/min. It is evidenced that, similar to that observed at constant flow conditions, the particle penetration of
media A and B increased with the increase of particle size prior to 100 nm and then decreased as the
particle size further increased for all the selected frequencies. For particles less than 100 nm, the particle
diffusion is considered as the dominant filtration mechanism. For particles greater than 100 nm, both
interception and possible impaction play major roles in the collection of particles. The particle penetration
of filter media is thus maximal during the transition of filtration mechanisms (when none of filtration
mechanisms is dominating).

Figure 3.5 Measured particle penetration of media A and B under cyclic and constant flow conditions as a
function of particle size: (a) for ASFR of 6.4 L/min and (b) for ASFR of 25.6 L/min
For both test filter media, the particle penetration increased with the increase of the flow
oscillating frequency for a given particle size. For example, the penetration of 100 nm particles increased
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from 30.8% to 45.7% and from 18.5% to 29.2% as the flow oscillating frequency increased from 6 min -1
to 40 min-1 at the ASFR of 6.4 L/min for media A and B, respectively. The above observation might be
attributed to the increase of the flow acceleration as the flow oscillating frequency increased. The
increased acceleration of face velocity due to the increase of flow oscillating frequency increase reduced
the particle residence time in filter media, leading to a less particle collection. Also, Figure 3.5 shows that
the particle penetration under cyclic flow conditions is much higher than under the corresponding
constant-flow condition with the flow oscillating frequency of 24 and 40 min -1. Similar to that observed in
the case of low ASFR, the particle penetration with high ASFR (i.e., 25.6 L/min) increased with the
increase of flow oscillating frequency and the penetration under cyclic flow conditions with high
oscillating frequencies (i.e., 24 min-1 and 40 min-1) was higher than under corresponding constant-flow
condition.
Figure 3.6 shows the ratio of particle penetration under cyclic flow condition to that under
corresponding constant-flow condition as a function of particle size for the ASFRs of 6.4 and 25.6 L/min.
With the ASFR of 6.4 L/min, the above ratio for media A reached its maximum at the particle size of 50
nm (instead of maximal penetration at 100 nm) and reduced as the particle size deviated from 50 nm (for
the flow oscillating frequency of 6 and 24 min -1). For the flow oscillating frequency of 40 min-1, the ratio
value was almost the same for 30 and 50 nm particles and decreased with the increase of particle size. The
decreasing trend of the ratio with the increase of particle size when the particles are larger than 50nm was
even more obvious at the flow frequency of 40 min-1. For the media B, it was observed that the ratio value
sharply decreased in small particle size range (i.e., 30, 50 nm) and gradually decreased in the large
particle size range. Generally, the decreasing trend is more obvious in the cases of high flow oscillating
frequencies.
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Figure 3.6 The ratio of the particle penetration under cyclic flow conditions to it under constant flow
conditions for both media A and B as the function of particle size: (a) for ASFR of 6.4 L/min and (b) for
ASFR of 25.6 L/min
With the ASFR of 25.6 L/min, the ratio for media A decreased slightly with the increase of
particle size for the frequencies of 24 and 40 min -1 . However, for the frequency of 6 min-1, the ratio was
close to a constant (~1.0) for all the particle sizes. For media B, the effect of particle size on the ratio was
minor and the ratio remained close to a constant for each tested flow oscillating frequency.
For both test filter media, it was observed that the particle penetration increased with the increase
of ASFR at all the selected particle sizes and flow oscillating frequencies. The above observation is
consistent with what reported in the literature (Ali Bahloul et al., 2014; Haruta et al., 2008; Mahdavi et al.,
2013). Because of small particle size selected in this study, the particle capture in filter media due to
impaction can be ignored compared with that due to the particle diffusion. The observed increase of
particle penetration is attributed to the reduction of particle residence time in test filter media.
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3.1.3.2 Particle penetration for electret filter media

Figure 3.7 Experimental data for media C under the cyclic flow testing: (a) for measured particle
penetration under constant and cyclic flow conditions with ASFR of 6.4 and 25.6 L/min; (b) for the ratio
of the particle penetration under cyclic flow conditions to it under corresponding constant-flow conditions
with ASFR of 6.4 and 25.6 L/min
Figure 3.7 shows the particle penetration and penetration ratio of electret media at various flow
oscillating frequencies in the cases of two selected ASFRs (6.4 and 25.6 L/min). For low ASFR cases, it
was observed that, similar to what observed in mechanical media, the particle penetration of test electret
media under the flow with the oscillating frequency of 6 min -1 and its corresponding constant-flow
condition increased as the particle size increased, reached to the maximum at the particle size of 100 nm
and then deceased as the particle size further increased. However, in the cases with frequency of 24 and
40 min-1, the change of particle penetration was decreased, increased and then decreased again as the
particle size increased (i.e., wavy variation). The wavy variation of particle penetration was even more
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obvious in the cases of high ASFR (25.6 L/min). Notice that at the constant-flow condition
(corresponding to the 25.6 L/min ASFR), the particle penetration of electret media remained unchanged at
the particle sizes of 30 and 50 nm.
With respect to the particle penetration ratio, it was observed, at the low ASFR, the ratio
gradually decreased with the increase of particle size. The ratio value was higher for particles in small
sizes compared to that in large particle size. It inferred that the flow oscillation affected the particle
capture due to diffusion filtration mechanism more significantly. In the cases of high ASFR (i.e., 25.6
L/min), the penetration ratio generally decreased with the increase of the particle size for the flow
oscillating frequency of 24 and 40 min-1 (but the decreasing was more gradual than that observed in the
cases with 6.4 L/min ASFR). For the oscillating frequency of 6 min -1, the penetration ratio remained close
to 1.0. It is thus concluded that the increase of ASFR decreased the effect of flow oscillation on the
particle penetration for test electret filter media. It is possibly because of the reduced particle residence
time in the filter media.
3.1.3.3 Modeling of particle penetration of filter media under cyclic flow conditions
In this part of work, we focused on the penetration of mechanical filter media for small particles.
It is because the effect of flow oscillating frequency is more obvious in small particle size than in large
particle size range according to the above experimental observation. Our modeling of particle penetration
through fibrous filter media was based on the logic of single fiber theory. By the single fiber theory, the
particle penetration of fibrous filter media at constant face velocity can be calculated as:
−4𝛼𝐸𝑓 𝑡
)
𝑃 = 𝑒𝑥𝑝 (
𝜋𝑑𝑓 (1 − 𝛼)

(3-1)

where α is the packing density of filter media, E f is the single fiber efficiency, t is the thickness of filter
media and df is the effective diameter of fibers. We obtained the effective fiber diameter of test filter
media (given in Table 3.2) by measuring the media pressure drop, p and using the empirical correlation
between Δp and df given by Davies (1973) as:
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𝛥𝑝 =

64𝑡𝜇𝑈
𝑑𝑓

2

𝛼 3/2 (1+ 56𝛼 3)

(3-2)

The total single fiber efficiency can be calculated as 𝐸𝑓 = 1 − (1 − 𝐸𝐷 )(1 − 𝐸𝑅 )(1 − 𝐸𝐼 ), where
E D is the single fiber efficiency due to particle diffusion; E R is the single fiber efficiency due to the
interception, and E I is the efficiency due to the particle impaction. The formulas for the above single fiber
efficiencies are given in Table 3.3. The given formulas were verified by the measured particle penetration
data of test filter media (i.e., media A and B) under the constant flow rates of 6.4 and 25.6 L/min. The
experimental setup for this part of testing is the same as it shown in Figure 3.1 except a custom-made
Collison automizer was employed as the particle generator. DMA classified particles of 30, 40, 50, 60, 80,
100, 125, 150 and 200 nm were selected as test particles. A vacuum pump was used to provide the
constant flow rates of 6.4 and 25.6 L/min. For each particle size, three samples were tested to calculate
the average penetration. Figure 3.8 shows the comparison between the calculated and measured
penetration for both media A and media B. It was observed that the reasonable agreement between the
calculated and measured data was achieved for particles smaller than 100 nm. However, the calculated
particle penetration was significantly higher than the measured one for media A and slightly higher than
the measured one for media B for particles with the sizes larger than 100 nm.
Table 3.3 List of the single-fiber efficiency formula for the filter collection mechanisms of particle
diffusion, interception and particle impaction used in the single-fiber theory.
Mechanism

Equation

Diffusion (Payet, 1991)

Interception (Pich, 1966)

𝐸𝐷 = 1.6(
𝐸𝑅 =

1 − 𝛼 1/3 −2/3
) 𝑃𝑒
𝐶𝑑 𝐶𝑑 ′
𝐾𝑢

(1 − 𝑅) −1 − (1 + 𝑅) + 2(1 + 1.996𝐾𝑛)(1 + 𝑅) 𝑙𝑛 (1 + 𝑅)
2 (−0.75 − 0.5 𝑙𝑛 𝛼) + 1.996𝐾𝑛(−0.5− 𝑙𝑛 𝛼)
𝐸𝐼 =

Impaction (Thom, 1933)
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𝑆𝑡 3
𝑆𝑡 3 + 0.77𝑆𝑡 2 + 0.22

Figure 3.8 The comparison of measured and calculated particle penetration through the media A (a) and B
(b)
Because the effect of flow oscillating on the filtration performance of filter media was obviously
observed for small particles, we focused our model development effort to the filtration of small particles.
The data collected for particles in the sizes of 30 and 50 nm were used in this modelling. The E f in
equation (3-1) can be replaced as ED . Assuming that equation (3-1) could be also applied to the cyclic
flow condition, the “apparent” single-fiber efficiency due to the particle diffusion under the cyclic flow,
E D_cyclic can be obtained from the measured particle penetration data. For example, the measured
penetration of 30nm particles under the ASFR of 6.4 L/min and flow oscillating frequency of 6 min -1 for
media A was 4.2%, the apparent single-fiber efficiency under this cyclic flow condition ED_cyclic was
12.6%. The ratio of the apparent ED_cyclic to the single fiber efficiency under corresponding constant-flow
condition, E D,constant was then expected to be a function of the particle diffusivity (i.e., particle size), ASFR
and flow oscillating frequency. The relative effect of particle diffusivity and flow convection could be
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characterized by the mass transfer Peclet number, Pe (=

𝑢𝐷𝑓
𝐷

) which is the product of the flow Reynolds

number and the Schmidt number (where u is characteristic face velocity and D is the particle diffusivity).
Figure 3.9 (a) shows the above efficiency ratio as a function of flow frequency at the selected Pe
numbers for media A. Notice that the ratio was one when the frequency is zero (which is the constant
flow condition). It was found that all the correlation curves could be fitted by a polynomial equation (i.e.,

y = 1 + af + bf 1.5 + cf 0.5 , where y is the efficiency ratio; f is the flow oscillating frequency; and a,
b, c are constants). The constants a, b, and c at a given Pe number can be obtained by curve-fitting the
data sets. The constants a, b and c were then correlated to the Pe number. A linear correlation between the
constant and the Pe number was found in Figure 3.9(b). The above correlation is only valid in the Pe
number ranging from 40 to 415 for media A because of the experimental condition for collecting the data
used in this model. The similar correlation can be obtained for the media B (as is shown in Figure 3.9(c)
& (d)) and the range of Pe number was ranged from 20 to 250. With the above correlation, the apparent
E D_cyclic can be expressed as:
𝐸𝐷𝑐𝑦𝑐𝑙𝑖𝑐 = [ 1 + (3.00 × 10−4 𝑃𝑒 + 1.6 × 10−2 )𝑓 + (2.26 × 10−5 𝑃𝑒 + 1.82 × 10−3 )𝑓1.5
+ (9.90 × 10−4 𝑃𝑒 + 1.83 × 10−2)𝑓 0.5 ] ∗ 𝐸𝐷𝑐𝑜𝑛𝑠𝑡𝑎𝑛 𝑡

(
(3-3)

𝐸𝐷𝑐𝑦𝑐𝑙𝑖𝑐 = [ 1 + (3.83 × 10−4 𝑃𝑒 + 1.31 × 10−2)𝑓 + (2.75 × 10−5 𝑃𝑒 + 6.21 × 10−4)𝑓 1.5
+ (1.36 × 10−3 𝑃𝑒 + 1.13 × 10−1 )𝑓 0.5] ∗ 𝐸𝐷𝑐𝑜𝑛𝑠 𝑡𝑎𝑛𝑡

(
(3-4)

for media A and B respectively, where the ED_constant can be calculated using the equation of single-fiber
efficiency due to the diffusion in Table 3.3.
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Figure 3.9 The ratio of 𝐸𝐷𝑐𝑦𝑐𝑙𝑖𝑐 /𝐸𝐷𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 as a function of flow oscillating frequency at different Pe
numbers, and the coefficients in the fitted equations as a function of Pe number for media A (a and b) and
B (c and d)

3.1.4 Summary
The performance of both mechanical filter media, made of glass fiber, and electret filter media
was evaluated under the cyclic flow conditions in this study. The flowrate cycle in the sinusoidal profile
were selected to represent the cyclic flow. To investigate the effects of particle size, flow rate and
oscillating frequency on the particle penetration of filter media, DMA-classified DEHS particles of 30, 50,
100 and 150nm were generated and cyclic flow conditions with ASFR of 6.4 and 25.6 L/min and three
frequencies of 6, 24, 40 min-1 were employed in this study. For the reference, the particle penetration
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under the constant flow rates of 6.4 and 25.6 L/min were also measured. A sampling probe was placed 0.5
inch above the filter media to measure the instantaneous particle concentration near the filter media and it
was used as the upstream particle concentration. A second sampling probe (with multiple holes) was
inserted in the filter holder to measure the particle concentration at the downstream of test filter media.
Two CPCs were employed to measure the particle concentration upstream and downstream the test filter
media. The penetration was calculated by taking the ratio of downstream particle concentration to the
upstream.
The experimental data shows that, for the mechanical filter media A and B, the maximum
penetration occurred at the particle size of 100 nm and the particle penetration decreased as the particle
size deviated from 100 nm for each tested flow oscillating frequency (at all the tested ASFRs). For the
electret filter media C, the particle penetration decreased when the particle size increased from 30 to 50
nm (especially for high flow oscillating frequency and ASFR). For particles larger than 50nm in sizes, the
penetration increased to the maximum at 100nm and then decreased again. For all the tested filter media,
the penetration at a given particle size increased with the increase of flow oscillating frequency. It is
possibly because of the increase of flow acceleration. For the flow oscillating frequency of 24 and 40 min 1,

the particle penetration of test filter media under cyclic flow conditions was in general higher than

under the corresponding constant-flow conditions.
The ratio of penetration under cyclic flow conditions to it under corresponding constant-flow
conditions was further calculated to indicate the penetration enhancement due to the cyclic flow. In the
cases of 6.4 L/min ASFR, the ratio for media A is the highest for particles of 50 nm and it decreased
when the particle size deviated from 50 nm. The decrease of the penetration ratio with the increase of
particle size (in the size range larger than 50 nm) is more significant at the high flow frequency. For
media B and C, the penetration ratio was the highest at 30 nm and decreased with the increase of particle
size. For all test filter media, the penetration ratio was generally higher in small particle size range (i.e.,
30nm and 50nm in this study) as compared to those in the large particle size range (i.e., 100 and 150 nm
in this study). It infers that the flow oscillation affects the filter capturing particles by diffusion more than
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other particle-capture mechanisms. When the ASFR was increased to 25.6 L/min, the penetration ratio
slightly decreased with the increase of particle size in majority of cases and remained almost constant in
some cases. The effect of flow oscillation on the particle penetration was reduced as the increase of ASFR
because of the decreased residence time of particles in the filter media. For the same reason, the particle
penetration of filter media increased with the increase of ASFR for all the tested particle sizes.
By the single fiber theory, the apparent single-fiber efficiency for media A and B under the cyclic
flow condition was lastly identified for small particles. The particle penetration of the mechanical filter
media A and B for small particles under cyclic flow conditions could be calculated by the single fiber
theory.

3.2 Performance Study of Composite Filters Assembled from Multiple Layers of
Basic Filtration Media
3.2.1 Introduction
The wide-spread urgent demand of N95 FFRs during the current COVID-19 pandemic has
resulted in a severe shortage of N95 FFRs in various countries/regions, especially in the ones ill-supplied
before the pandemic. The strategy of using multiple layers of basic filter media such as those used in face
masks and furnace filter media to construct composite filter media with particle collection efficiencies
matching that offered by N95 FFRs is proposed as an alternative to N95 FFR media. The objectives of
this study are thus to (1) directly compare the filtration performance of FFRs and surgical masks under
the same testing protocol using NaCl particles to represent virus particles (Davidson et al., 2013; Eninger
et al., 2008); (2) study the filtration performance of composite filters, assembled by loosely layering
multiple layers of basic electret filtration media that are readily available in the market; and (3) examine
the additivity of the filtration performance of the above composite filters.
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3.2.2 Experimental Protocol
3.2.2.1 Experimental setup
Figure 3.10 shows a schematic diagram of the experimental setup used in this study. A custommade Collison atomizer with NaCl solution (2% NaCl by volume in DI water) was used to generate
polydisperse NaCl droplets. The produced NaCl droplets were passed through the diffusion dryer with
silica gel as the desiccant to obtain solid NaCl particles. A bypass line with a HEPA filter and a needle
valve as the aerosol flow exhaust line was included in the setup in order to vary the flow rate of the
aerosol stream entering the Differential Mobility Analyzer (DMA, TSI 3081). Before the aerosol stream
enters the DMA, it is directed through a Kr 85 neutralizer which is included in the DMA platform TSI 3080
to achieve a stationary charge distribution on the NaCl particles. The DMA was operated at aerosol and
sheath flow rates of 0.5 and 3 L/min, respectively, for the classification of particles based on their
electrical mobilities. By fixing the DC voltage on the DMA, particles having the electrical mobilities in a
narrow range were classified and passed through a Po210 neutralizer to reduce the particle charge status to
the stationary state. The neutralized DMA-classified particles were then used as test particles. By varying
the DMA voltage, particles with different electrical mobilities could be selected. A test filter sample was
placed in a 47mm inline filter holder with an effective filtration area of 10.2 cm2. A make-up air line with
a HEPA filter capsule was included before the filter holder to passively introduce clean air from the
ambient environment into the setup. The total flow rate through the filter holder was set at 6.4 L/min,
which is equivalent to a flow rate of 85 L/min for a whole FFR with a filtration area of ~135 cm2
providing a face velocity of ~10.5 cm/s. An Ultrafine Condensation Particle Counter (UCPC, TSI 3776)
and a Condensation Particle Counter (CPC, TSI 3775), operated at the 1.5 L/min high flow mode, were
used to measure the particle concentrations upstream and downstream of the filter holder, respectively. A
HEPA filter capsule was installed downstream of the filter holder to collect particles penetrating through
the test filter sample. A mass flow meter (TSI 4000), a needle valve, and a vacuum pump were installed
after the HEPA capsule to pull the 4.9 L/min air flow through the line. The required test flow rate of 6.4
L/min was obtained by adding the CPC sampling flow rate (1.5 L/min) and the 4.9 L/min air flow rate. A
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differential pressure transducer (OMEGA PX655-01-DL) was used to measure the pressure drop across
the test filter sample. Prior to doing efficiency measurements, an experiment to calibrate both CPC
readings by feeding DMA-classified particles into the two CPCs (with no filter sample in the filter holder)
was conducted. The background pressure drop across the empty filter holder was also measured for data
analysis.

Figure 3.10 Schematic diagram of the experimental setup used to test the performance of multilayer
composite media made up of basic electret media
3.2.2.2 Test filter samples and data analysis
Filter samples punched out from one N95 FFRs and four face masks (one surgical mask, one
procedure mask, one face mask with coconut shell activated carbon, and one single-use medical mask)
were tested in this part of the study. In addition, furnace filter media with the minimum reported
efficiency value of 13 (MERV 13) was also included as one of the basic filtration media in the alternative
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FFR filter media part of this study. Table 3.4 shows the label designation and rated particle filtration
efficiency of the test filter media provided by the manufacturers. Composite filter media assembled from
multiple layers of mask/furnace filter media listed in Table 3.4 were also tested. The measured pressure
drops across all the test filter samples at the face velocity of 10.5 cm/sec are given in Table 3. 5.
Table 3.4 The label designation of studied filter media samples from four face masks and one N95 FFR
media and their rated particle filtration efficiency (given by the manufacturer).
Rated Filtration efficiency

Sample Label

Type of Masks

A

N95 particulate FFRs

≥95%, NIOSH certified

B

Tie-on face surgical mask,

NA

C

Ear-loop procedure mask

ASTM Level 1 (BFE≥95%, PFE≥95%)

D

(By the manufacturers)

Ear-loop face mask (with cocoanut shell
activated carbon)

≥98% for particles larger than 3.1 μm

E

Ear-loop medical mask

BFE≥95%

F

Furnace filter media

MERV 13

Table 3.5 Summary of the measured pressure drop of all the test filter samples (with basic media and
composite media) at the face velocity of 10.5 cm/s.
Media Sample Pressure drop (Pa) Composite Samples Pressure drop (Pa)
A

81.1±4.9

B_double layers

95.2±8.4

B

45.1±7.7

B_triple layers

158.0±15.4

C

64.3±5.1

C_double layers

127.7±11.9

D

67.7±6.2

D_double layers

120.2±10.2

E

59.6±4.6

E_double layers

128.7±3.9

F

9.3±1.2

F_triple layers

30.0±2.0

F_five layers

50.6±0.7

For the particle collection efficiency measurements in this study, test particles with the DMAclassified diameters of 20, 30, 50, 75, 100, 150, 200, 300, 400, 600, and 800 nm were used. The collection
efficiency of each filter sample at a given particle size was calculated as:
𝐸 = (1 −

𝐶𝑑𝑜𝑤𝑛
) × 100%
𝐶𝑢𝑝
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(3-5)

where E is the particle collection efficiency of a test filter sample and Cdown and Cup is the average particle
number concentrations downstream and upstream of a test filter sample, respectively. The collection
efficiency based on particle number concentration was selected for use in this study because this testing
method is more rigorous than that of the method based on mass concentration for evaluating the worstscenario performance of a filter sample (Rengasamy et al., 2011). At least three filter samples randomly
selected from each face mask and FFR were tested in each case and the averages of the measured data
were reported. The pressure drop of each filter sample was also measured at the beginning and ending of
the filtration testing to ensure no particle loading effect occurred during the testing.
The Figure of Merit (FOM) for a filter sample of a specific size can be calculated as:
𝑓=

−ln(1 − 𝐸)
∆𝑃

(3-6)

where f is the figure of merit (units of Pa-1), and ∆P is the pressure drop in units of Pa. Note that the FOM
is not dimensionless and depends on the unit selected for the pressure drop.

3.2.3 Result and Discussion
3.2.3.1 Comparison of Filtration Efficiency of Respirator and Mask Filter Sample
Figure 3.11 shows the size-fractionated filtration efficiency of filter samples obtained from the
FFR and the four face masks as the function of the particle size under a face velocity of 10.5 cm/sec. For
all the test sizes, the collection efficiency of the electret N95 FFR sample was much higher than that of
the face mask samples. Its minimum particle efficiency was more than 95% at the most penetration
particle size (MPPS) of ~50 nm. For the FFR sample, the particle diffusion dominates in the media for
collecting particles of sizes less than 50 nm, while both interception and electrostatic mechanisms play
major roles in the media to remove particles of sizes larger than 50 nm (Romay et al., 1998). The MMPS
was found to be the particle size in which the transition from diffusion-dominated collection to
interception and electrostatic force-dominated collection occurs. The particle collection efficiency of the
face mask samples at the MMPS varied from 71.8%-83.6%. Filter sample B, taken from a surgical mask,
having the lowest particle collection was expected due to its usual application in dental service. The
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MPPS of all the face mask samples was measured to be ~50nm, which is close to that of the electret FFR
filter sample. This observation implies that all the face masks selected in this study were likely made of
different grades of electret filter media.
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Figure 3.11 The measured size-fractionated efficiency of the FFR, face mask, and furnace filter samples
at the face velocity of 10.5 cm/s
0.08

Media_A
Media_B

0.07

Figure of Merit (Pa-1)

Media_C

0.06

Media_D
Media_E

0.05
0.04
0.03
0.02
0.01
0
10

100

Particle size (nm)

47

1000

Figure 3.12 The size-fractionated figure of merit (FOM) of the FFR, face mask, and furnace filter samples
at the face velocity of 10.5 cm/s
Figure 3.12 shows the FOM for each filter sample as a function of the particle size. The N95 FFR
sample has a higher FOM value compared to all the face mask samples, particularly for large particles.
Except for the low FOM of the filter sample D, the filter samples from the other three face masks had
very close FOM curves (as a function of the particle size).
3.2.3.2 Composite Media Matching the Collection Efficiency of N95 FFRs
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Figure 3.13 The size-fractionated collection efficiency of the composite filter samples composed of
multiple layers of basic face mask and furnace media (loosely layered) at the face velocity of 10.5 cm/s
One simple way of constructing alternative media for N95 FFRs is by combining multiple layers
of basic filtration media. Face masks and furnace filter panels are readily available on the market and
were thus selected as basic filtration media in this part of the study. Figure 3.13 shows the particle
collection efficiency of the multi-layered composite filter samples at the selected particle sizes under the
face velocity of 10.5 cm/sec. It is shown that for all the test sizes, the particle collection efficiencies of
double- and triple- layered mask filter samples are significantly higher than that of their basic filtration
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media counterparts (shown in Figure 3.11). Triple-layered B media and double-layered C, D, E media
samples have collection efficiencies of more than 93% for particles larger than 100 nm. Figure 3.13 also
shows that the MMPS remained unchanged by doubling/tripling the face mask media. Since the typical
particle size range of SARS-CoV-2 is between 60 to 140 nm, with a mean diameter of 100 nm measured
by electron micrographs (Zhu et al., 2020), double/triple-layered face masks can offer comparable
protection from SARS-CoV-2 to that of a N95 respirator from the viewpoint of particle collection
efficiency.
The particle collection efficiency of three- and five-layer MERV 13 furnace filter media (i.e.,
Media F) test samples as a function of the particle size is also included in Figure 3.13. Furnace filter
media was selected as another basic filtration media because it is widely available in the hardware stores
during the COVID-19 pandemic and low in cost. As shown in Figure 3.13, composite filter samples with
triple layers of the selected furnace filter media have collection efficiencies higher than 95% for particles
larger than 100 nm. The filter samples’ efficiencies were, however, less than 95% for particles smaller
than 100 nm because of the wide intra-fiber spacing in low grade electret media compared to that of N95
FFR media and the possible difference between the fiber charge density. For particles larger than 100 nm,
electrostatic forces dominate in particle collection within electret media, resulting in a high particle
collection efficiency. For particles less than 100 nm in diameter, the particle collection of the media by
electrostatic forces is weakened due to the small particle sizes. Collection by particle diffusion in the
furnace filter media is also not very effective due to the wide-open microstructure of the media compared
to the N95 FFR media. For the sample with five layers of basic furnace filter media, its collection
efficiency increased significantly for particles in the sizes less than 100 nm because of the increased
particle residence time in the sample. As a result, the minimum particle collection efficiency of fivelayered furnace media composite sample was 94.6% compared to 84.9% for the three-layers media
sample. Notice that the MPPS of the five-layered furnace media composite sample was at ~30 nm,
smaller than that of the N95 respirator and the face masks.
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The trade-off in using composite filters constructed from multiple layers of basic filtration media
to achieve the N95 FFR media efficiency is typically assumed to be the increased filter pressure drop
(compared to the N95 FFRs). The pressure drops for a given multi-layered composite filter sample was
assumed to be the sum of the pressure drops of the individual media layers. Figure 3.14 shows the FOM
of the multi-layered mask and furnace media composite samples as a function of the particle size. The
FOM of the N95 FFR sample is also included in Figure 3.14 as a reference. A negligible difference in the
FOM curves was observed among all the multi-layered face mask samples. Additionally, the FOM values
of face mask composite samples were generally lower than that of the N95 FFP sample (~ half the FOM
value of the N95 FFR sample). This data proves that the N95-comparable efficiency of double/triplelayered mask composite samples is indeed achieved at the expense of an increased pressure drop for most
cases using face mask samples. However, in the cases of the composite filter samples made of multiple
layers of furnace filter media, their FOM values were higher than that of the N95 FFR sample,
particularly for particles larger than 100 nm. Based on the FOM values given above, composite filters
made of multiple furnace filter media layers would be preferred as an alternative for a N95 FFR. Notice
that although the FOM values for the composite samples made of multiple layers of face mask filter
media were less than that of the N95 FFR sample, the pressure drops for all the tested composite samples
remained within the allowable pressure drop range (i.e. < 350 Pa) for a N95 FFR.
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Figure 3.14 The comparison on the FOM of the N95 FFR and composite filter samples at the face
velocity of 10.5 cm/s
3.2.3.3 Effect of Particle Charge on the Performance of Multi-layer Electret Media
It is typically assumed that the penetration of composite filters, which is made of multiple layers
of basic filtration media, is equivalent to the product of the penetration efficiency of the individual
filtration media layers functioning independently. The particle collection efficiency of the composite filter
samples can be calculated by:
𝜂𝑛 = 1 − (1 − 𝜂𝑠 )𝑛

(3-7)

where, n is the number of basic media layers in a composite filter, and ηs is the collection efficiency of a
single layer of basic filtration media. In this part of the study, this assumption and equation are examined
in the context of the tested composite filter samples.
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Figure 3.15 Comparison of the measured and calculated collection efficiency of composite filter samples
with multiple layers of basic media C and F at the face velocity of 10.5 cm/s. Note that this calculation
was based on the particle collection efficiency of a basic media (randomly selected).
Figure 3.15 shows the comparison between the collection efficiency calculated by equation
(3-7) and the measured collection efficiency for the composite filter samples made of multiple layers of
basic media C and F. It was found that the measured collection efficiency was less than the calculated
efficiency for the composite samples especially for the small particles. The study conducted by Sun et al.
(2019) also found that the figure of merit (FOM) of multi-layered electret media was less than that of base
electret media. Moreover, the observed FOM difference was also reduced as the particle size was
increased. However, if each electret medium layer functions independently, the FOM of composite media
made of multi-layered electret media of the same specification should be the same as that of
homogeneous media.
Notice that the initial collection efficiency of composite media made of multiple electret medium
layers of the same specification were measured using size-fractionated particles in the Boltzmann
stationary charge distribution. After examining all the possibilities, we hypothesized that the reported
discrepancy between the measured and calculated collection efficiencies of multi-layered composite
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electret media was due to the electrical charge distribution of the test particles. Note that the effect of
particle charge on the performance of electret media has already been widely investigated (Chazelet et al.,
2011; Chen et al., 1998; Fjeld et al., 1988; Kanaoka et al., 1987; Otani et al., 1993; Romay et al., 1998;
Sanchez et al., 2013; Tang et al., 2018; Yang et al., 2007), and this study is thus, by no means to repeat
the previous work.
To validate our hypothesis, composite media composed of multiple electret medium layers with
the same specification were tested. Two electret media, one used by 3M respirators (Media A) and the
other used by HVAC filter panels (rated at MERV 13, Media B) were selected as base layers. The
specification of the selected base electret media is given in Table 3.6 for reference. Size-fractionated
particles with single charges, no charges and the Boltzmann stationary charge distribution were prepared
as test particles. The measured collection efficiency of the double-layered media was then compared to
that of the calculated value based on the measured collection efficiency of the base medium layers. The
experimental setup and result are presented in the following sections.
Table 3.6 The specification of selected electret media in two kinds as the medium layers for tested
composite media
Media

Thickness (mm)

Fiber diameter (μm)

Packing density

Initial pressure@10 cm/s (Pa)

A

0.55

15.6±1.04

0.140

8.9

B

0.62

3.0±0.82

0.100

48.2

Figure 3.16 shows the schematic diagram of the experimental setup to measure the sizefractionated filtration efficiency of the composite electret media and base electret medium layers. In
addition to polydisperse NaCl particles produced by a custom-made Collison atomizer, polydisperse
silver particles were prepared by the evaporation-condensation method (Scheibel et al., 1983). The size
distributions of the generated NaCl and silver particles can be found in Figure 3.17. Size-fractionated
particles were then obtained by classifying the generated polydisperse particles with a differential
mobility analyzer (DMA; Models 3081 and 3085; TSI Inc.). The sheath-to-aerosol flow rate ratio was
kept at 1:10 for the DMA operation. NaCl particles in the sizes of 50, 75, 100, 150, 200, 300, 400, and
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500 nm, and silver particles with the sizes of 10, 20, and 30 nm were selected as test particles. For each
selected size, particles were prepared in three different charge statuses: singly charged, neutral, and
Boltzmann-charge-distributed. Particles sized by the DMA were assumed to be singly charged because
multiple-charged particles were minimized by selecting the particles from the right-hand side of the
polydisperse particle size distribution modes. Particles with the Boltzmann stationary charge distribution
were obtained by passing DMA-classified particles through a 210Po bipolar charger. Neutral particles were
then prepared by passing particles with the Boltzmann stationary charge distribution through an
electrostatic precipitator (ESP) to remove the charged particles. The test filter media was placed in the
filter holder and tested at the face velocity of 10 cm/s, which is approximately the testing velocity for
testing the particle collection efficiency of respirators based on the 42 CFR Part 84 regulation. An
ultrafine condensation particle counter (UCPC; Model 3776; TSI Inc) was used in the setup to measure
the number concentrations of test particles upstream and downstream of the filter holder. A 3-way valve
was used to switch the above upstream and downstream samplings.
Another ESP was also included in front of the UCPC when particles in the Boltzmann stationary
charge distribution were chosen for the experimental runs. With the ESP turned on/off, the number
concentration of both the neutral and total particles in the sample could be measured. The neutral fraction
of sampled particles both upstream and downstream of the filter holder could then be calculated.
Stainless-steel tubes were used in the setup to minimize the possible loss of charged particles in the
transport lines.
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Figure 3.16 The schematic diagram of the experimental setup for measuring the filtration efficiency of
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Figure 3.17 Typical size distributions of Ag and NaCl particles generated for the DMA classification.
Note that the shown size distributions are normalized by the total number concentration of test particles in
order to show the characteristics of generated size distributions (in the same order).
The measured collection efficiency of composite media was compared with that calculated by
equation (3-7) using the measured penetration efficiency of base layers. Note that three media samples
were tested in each experimental run and the average of measured efficiency data was shown in the
following figures (i.e., Figures 3.18–3.21). Error bars associated with each average data shown in figures
represents the variation of the particle collection efficiency of tested media due to its nonuniformity.
Figure 3.18 shows the comparison between the measured and calculated collection efficiencies of
double-layered electret media when using test particles of both neutral (Figure 3.18(a)) and singly
charged (Figure 3.18(b)) status. It is found that the agreement between the measured and calculated
values was very good, indicating each base media layer indeed functioned independently in the doublelayered composite media.
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Figure 3.18 The comparation between the measured and calculated particle collection efficiency of tested
composite media when challenged by (a) neutral particles and (b) singly charged particles.
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Figure 3.19 The comparation between the measured and calculated particle collection efficiency of tested
composite media when challenged by particles in Boltzmann stationary charge distribution for electret
medium layers (a) A and (b) B.
Figure 3.19 shows the comparison between the measured and calculated collection efficiencies of
the double-layered electret media when challenged by particles with the Boltzmann stationary charge
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distribution. Differences between the measured and calculated data were only observed in a certain size
range of particles (i.e., 30-500nm for the selected media in this study ) for both double-layered electret
media.
To further investigate the observation shown in Figure 3.19, we measured the neutral fraction of
test particles upstream and downstream of the filter holder by turning the ESP in front of the UCPC on
and off. Figure 3.20 shows the neutral faction of particles sampled upstream and downstream of the base
electret media A and B at different particle sizes. For reference, the neutral fraction of particles obtained
from the theoretical Boltzmann stationary charge distribution is also included in the figure. The charges of
the upstream particles were indeed in the Boltzmann stationary charge distribution, but this was not the
case for the downstream particles within a certain size range. For particles less than 30 nm in size, only
neutral particles were present downstream of the filter media. As the particle size increased, the neutral
fraction of downstream particles was reduced, but remained higher than the value given by the theoretical
Boltzmann charge distribution, until the size of ~500 nm. This result is due to the collection of more
charged particles than neutral ones in the electret media as test particles were passed. Notice that the
neutral fraction difference between the upstream and downstream particles is negligible as the particle
size is reduced to less than 10 nm, because the charged fraction of particles in the Boltzmann charge
distribution is negligible in that range (e.g., 0.7% for 10 nm particles). For particles of large sizes, their
capture by the electrostatic mechanisms in electret media is greatly reduced due to reduced electrical
mobility (as is shown in Figure 3.21). The charge status of the downstream particles for large-sized
particles was thus close to the Boltzmann charge distribution.
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Figure 3.20 The neutral fraction of test particles at the upstream and downstream of base electret medium
layers.
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Figure 3.21 The comparation between the measured collection efficiency of basic electret media for
neutral and singly charged particles, and particles in the Boltzmann stationary charge distribution for the
media A and B
Based on the findings shown in Figure 3.20, the calculated collection efficiency of the doublelayered electret media was corrected by considering the charge distribution of test particles downstream
of the base layers. Specifically, the collection efficiencies of the first base electret media layer for both
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neutral and charged particles could be calculated by separately measuring the number concentrations of
both neutral and charged particles in the upstream and downstream of the media layer (via turning on/off
the electrostatic precipitator installed in front of the CPC shown in the setup). Given the known charge
distribution of particles in the upstream of the second base media layer, the collection efficiencies of the
second layer could be further found . The above efficiency data were then used to determine the corrected
collection efficiency of double-layered electret media. Figure 3.22 shows the comparison between the
measured and corrected collection efficiency of double-layered electret media made of the base medium
layers A and B. The corrected efficiency values are now in good agreement with the measured ones for
particles with the Boltzmann stationary charge distribution. For reference, the measured particle filtration
efficiency of the first electret medium layer and the calculated efficiency of the second electret medium
layer (with the added consideration of particle charge distribution) for each composite electret media can
be found in Figure. 3.23. These efficiency values were used in the calculation for the data presented in
Figure. 3.22
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Figure 3.22 The comparation between the measured and calculated particle collection efficiency of tested
double-layered media in the case of using particles in the Boltzmann stationary charge distribution (after
taking the charge distribution of test particles into the consideration) for base media (a) A and (b) B.
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Figure 3.23 The measured collection efficiency of the first media layer for test particles in the Boltzmann
charge distribution and the calculated collection efficiency of the second media layer by considering the
charge distribution of test particles for (a) media A and (b) media B (as the function of particle size).
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3.2.4 Summary
The size-dependent collection efficiency of four face masks and one N95 FFR were measured
under the same testing protocol. Test filter media samples were challenged with neutralized DMAclassified NaCl particles between the sizes of 20-800 nm and at a face velocity of 10.5 cm/s. Two CPCs
were used to measure the number concentration of particles upstream and downstream of the filter holder
in which a test filter sample resided. The particle penetration of a test filter sample was calculated by
taking the ratio of the downstream to the upstream particle concentrations. The pressure drop across the
filter sample was also measured for the FOM (Figure of Merit) calculation. As expected, the minimum
particle collection efficiency of the N95 FFR sample was higher than 95% and the minimum collection
efficiency of all the face mask samples varied from 71.8% to 83.6%. The MPPS for the N95 FFR and face
masks were all ~50 nm in this study. The N95 respirator had a higher FOM value than the face masks.
The strategy of using multiple layers of basic filtration media to construct a composite filter with
a particle collection efficiency comparable to that of N95 FFRs (as an alternative media for N95
respirators) has been investigated. The basic filtration media selected in this study were face mask media
and MERV13 furnace filter media (because they are readily available on the market). Our data shows that
composite filters made of double/triple layers of face mask media can provide a comparable collection
efficiency to a N95 FFR, especially for particles larger than 100 nm. Although the collection efficiency of
the composite filter with three layers of furnace filter media was less than that of the N95 respirator
sample for particles less than 100 nm in size, the three-layered composite filter was able to provide a
comparable collection efficiency for particles larger than 100 nm in diameter. The composite filter with
five layers of furnace filter media could provide a collection efficiency like that of N95 respirator media
in the test particle size range. Moreover, the composite samples of multi-layered face mask media had the
lowest FOM, while the sample of multi-layered furnace media offered the highest FOM. The use of
composite filters composed of multiple layers of basic furnace filter media is therefore the preferred
option as an alternative media for a N95 respirator, given the current N95 respirator shortage.
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The discrepancy between the measured and the calculated filtration efficiencies of a composite
form of multiple electret medium layers was founded in this study when challenging the filter media with
particles in Boltzmann stationary charge distribution. It was identified the discrepancy is due to the
change of particle charge distribution during the filtration process. It is thus concluded that the particle
charge distribution must be considered when predicting the collection efficiency of the composite electret
media.
Owing to the difficulty in directly measuring the surface charge density of electret medium fibers,
researchers typically obtain an estimate by comparing the calculated filtration efficiency (derived with an
existing model) with observational data in the literature. Our findings suggest that such estimates should
also factor in the charge distribution of the particles. For the sake of simplicity, the filtration data for
either neutral or single-charged particles may be applied.
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Chapter 4 Performance Study of Respirator Filter Media during
Light Loading under Simulated Breathing Conditions
4.1 Introduction
Most studies about the respirator filter media focus on the performance of clean filter media.
However, under certain conditions (i.e., long time using under high particle concentration, using the
respirator repeatedly), light loading may happen to the respirator filter media. In this study, the
performance of the electret filter media used for the respirator was investigated during the light loading. A
flow simulator was used to simulate human’s inhalation and exhalation, and a humidity controller was
added to the branch of exhalation. The exhaled moisture was simulated by passing the exhalation flow
through the humidity controller. Both the pressure drops and the mass-based collection efficiency during
the loading were measured. The effect of breathing frequency and particle size on the performance of the
electret media were investigated. As a reference, the performance of respirator filter media under the
simulated human’s breathing without the exhaled moisture and the light loading performance of the filter
media under the corresponded constant flow rate with different humidity was also studied.

4.2 Experimental Setup and Testing Protocol
4.2.1 Experimental Setup
Figure 4.1 shows the schematic of the experimental setup used in this study. An ultrasonic
nebulizer (SONAER, 241CST) was used to generate NaCl droplets. The generated droplets were then
blown into a plexiglass chamber in a diameter of 4’’ by a clean air flow to get the solid NaCl particles by
mixing them with the clean dry compressed air. The blowing flow rate can be adjusted to tune the mass
concentration of particles. Two strip-type radiation sources containing the Po210 were sticked onto the
wall of the chamber to serve as the neutralizer. The neutralized solid NaCl particles were then introduced
into a customer-made concentrical diluter. Two branches of clean compressed air were injected to the
diluter. One is for the dry air and the other is for the humid air by passing the flow through the humidity
controller. The temperature of the water in the humidity controller was kept as 25° (ambient temperature)
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by a temperature control unit. By adjusting the ratio between the dry air flow rate and the humid air flow
rate, the relative humidity (RH) in the diluter can be well controlled. To keep the particle concentration in
the upstream constant and avoid the effect of the oscillating flow on this upstream concentration, the total
flow rate out of the diluter was set larger than the maximum inhalation flow rate (i.e., the peak flow rate
of the inhalation cycle). An air line with a HEAP filter was added between the outlet of the diluter and the
filter holder to bypass the excess flow during the oscillating flow conditions. The testing filter media was
sealed in the 47mm inline filter holder with an effective filtration area of ~10.2 cm 2. The optical
photometer (DustTrak, TSI 8530) was used to measure the mass concentration in both upstream and
downstream by switching the three-way valve. Those measured particle mass concentrations were then
used to calculate the instantaneous mass collection efficiency. The sampling flow rate of the photometer
is 3 L/min. To try to reduce the effect of this constant sampling flow rate on the oscillating flow through
the testing sample, a compressed air flow of 2.7 L/min was added in the sampling line downstream of the
filter media leading to a 0.3 L/min effective sampling flow rate. Ideally, the flow through the filter media
should follow the sinusoidal flow profile with a zero net flow rate, the adding of this tiny sampling flow
leads to a net flow rate of 0.3 L/min. A pressure transducer (OMEGA PX277) was employed to record the
pressure drop during the light loading. At the downstream of the filter holder, a flow simulator (Series
2000, Hans Rudolph) was used to provide the oscillating flow to simulate the human’s breathing. Two
one-way valves were utilized to conduct the inhalation and exhalation separately. In the line of exhalation,
the exhaled air was directed into the humidity controller to simulate the exhaled moisture. The
temperature of the water was kept as 36.5 °C which is close to the temperature of human’s body. The
volume space of tubing between the humidity controller and the filter holder was minimized to simulate
the practical working condition of respirator under the human’s exhaled moisture. The humidity controller
in the exhalation line may be removed to compare the filter media performance with/without exhaled
moisture. A HEPA filter was added before the flow simulator to protect it from the penetrated particles.
For the filter media loading under constant flow conditions, an airline with a pump, mass flow meter, and
a HEPA filter was utilized to provide the constant flow rate.
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Figure 4.1 Schematic of the experimental setup used to investigate the performance of respirator filter
media during loading

4.2.2 Testing Protocol
In this study, electret filter media used for the respirator was tested. Table 4.1 summarizes the
properties of the media. The mean inhalation flow rate (MIF) of 6.4 L/min corresponding to a filtration
velocity of 10.5 cm/s was set for the testing sample (equivalent to the constant flow rate of 85L/min for
the whole respirator as regulated in the standards 42 CFR Part 84). A sinusoidal flow profile was selected
to represent humans’ inhalation and exhalation. The filter media were tested under the sinusoidal flow
with exhaled moisture, sinusoidal flow with dry exhaled air and the constant flow of MIF, respectively, to
identify the filter media performance under different testing flow conditions. For the sinusoidal flow, to
investigate the possible effect of breathing frequency on the filter performance during the light loading,
different frequencies (i.e., 6, 12, 48 min -1) were selected for the sinusoidal flow pattern with dry or humid
exhalation flow while keeping the MIF the same (the amplitude of the flow profiles are the same). For the
constant loading, different RHs of the challenge flow were set (i.e., RH=20%, 60%, 70%) to see whether
the performance of the filter media under the sinusoidal flow condition with exhaled moisture can be
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simulated by that under the constant flow conditions with the RH well defined. The effect of particle size
on the media performance was considered by conducting the experiment with NaCl particles in different
size distributions. By changing the concentration of the NaCl solution, particles with different size can be
obtain. In this study, NaCl solutions in volume concentrations of 0.5% and 10% were utilized. The size
distribution of particles generated by different NaCl solutions was shown in Figure 4.2. It can be found
the peak size for the particles generated by 0.5% NaCl solution is about 0.6 µm, while it is about 2 µm for
particles generated by 10% NaCl solution. We call the former one as fine particle, while later one as
coarse particle for simplicity in this study. The testing conditions in this study are summarized in Table
4.2. Both the particle mass concentration and the pressure drops were recorded during the loading testing.
Before each testing, the upstream particle mass concentration was measured first to make sure it was
stable. During the loading process, the instantaneous mass concentration at the downstream of the filter
was monitored. Once the loading finished, the upstream mass concentration was measured again to make
sure it keeps relative stable. The instantaneous mass-based collection efficiency can be then calculated.
For the sinusoidal flow conditions, the pressure drop generally follows the flow pattern showing a
sinusoidal profile since it is proportional to the flow rate. To compare with the pressure drops under the
constant flow conditions, the pressure drop value corresponding to the MIF was taken from the sinusoidal
profile to represent the instantaneous pressure drop at that time. For the calculation of collection
efficiency, the average downstream mass concentration was utilized to calculate the “apparent” massbased collection efficiency. The initial weight and the after-loading weight of the filter media was
measured before and after the loading process. With the instantaneous mass-based collection efficiency
and the total flow volume, the real upstream particle concentration can be further adjusted, and the
relationship between the mass loading and the pressure drops can be got. Note that, the particle mass
concentration for each testing was kept approximately the same to avoid the effect of the particle
concentration on the media performance during loading. The loading limit for the respirator regulated in
the standard (42 CFR Part 84) is 200 ± 5 mg for the whole respirator which corresponds to a loading limit
of ~15mg for the testing sample base on its effective filtration area. Based on the mass concentration
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selected, an appropriate loading time was selected to make sure the loading mass was not higher than the
loading limit. Note that, when comparing the loading performance under the sinusoidal flow conditions
with that under the corresponded constant flow conditions, to keep the loaded mass relatively the same,
the loading time for the sinusoidal flow conditions was doubled considering that there were no particles
collected by the filter media during the exhalation half cycle. Under each condition, three samples are
tested to consider the effect of the media nonuniformity on the filter media performance.
Table 4.1 The properties of filter media used in this study
Media type

Basic Weight
(g/m 2)

Pressure drops
at 10cm/s
(inH 2O)

Filter
Thickness
(mm)

Permeability
(m 2)

Packing
density

Effective
fiber diameter
(µm)

Electret filter

57.64

0.19

0.80

3.02×10-11

0.084

7.00

2500

4500

(a)
dN/dlogDp (#/cm3)

dN/dlogDp(#/cm3)

4000

3500
3000
2500

2000
1500
1000

(b)

2000
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500

500
0

0.325
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0.6
0.8
1
1.2
1.4
1.6
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7
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Figure 4.2 Size distributions of particles generated by NaCl solutions in volume concentration of (a) 0.5%
and (b) 10%
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Table 4.2 Loading conditions set in this study
MIF (L/min)

Flow pattern

Frequency

Humidity

6
Sinusoidal

12

20%

48
6.4

12

Sinusoidal

Exhaled moisture

48

Constant

N/A

20%

N/A

60%

N/A

70%

4.3 Result and Discussion
4.3.1 Comparison between Light Loading under Constant and the Sinusoidal Flow
Conditions
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Figure 4.3 Correlations between the pressure drops and the mass loading under the sinusoidal flow
condition with/without the exhalation moisture and the corresponded constant flow rate of MIF for (a)
fine NaCl particles and (b) coarse NaCl particles
The ratio of the instantaneous pressure drop to the initial pressure drop is used to describe the
increase of pressure drop due to the particle loading in this study. Figure 4.3(a) shows the correlation
between this ratio and the mass loading per unit area under the sinusoidal flow condition with/without the
exhalation moisture and the corresponded constant flow rate of MIF for the fine NaCl particles. The
frequency of 12 min-1 was selected for the sinusoidal flow conditions to simulate the normal breathing
frequency of humans. For the constant flow and the sinusoidal flow without exhalation moisture, the RHs
were both set at 20%. It can be found, among these testing flow conditions, the increase of the pressure
drops corresponding to the unit-area mass loading follows the order: constant flow rate of MIF >
sinusoidal flow without exhaled moisture > sinusoidal flow with exhaled moisture. When comparing the
pressure drop profile of the constant flow and the sinusoidal flow without exhaled moisture, it can be
observed, for the same mass loading, except at the very beginning period of time (i.e., mass loading is
smaller than 2 g/m2 ), the pressure drops increase under the oscillating flow condition is always lower than
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that under the constant flow rate of MIF. Figure 4.4 shows the scanning electron microscopy (SEM) of
the loaded sample under the oscillating flow conditions with a frequency of 12 min-1 , it seems there are
some large “open channels” through the surface of the media. It is thus hypothesized that the slower
increase of the pressure drops under the oscillating flow condition is due to the existence of “open
channels” in the particle deposition by the bidirectional flow. However, more cases need to be done to
confirm it. When comparing the pressure drop profile under the oscillating flow condition with/without
exhaled moisture, it was observed that with the exhaled moisture passing through the filter media, the
pressure drop of the media increases much more slowly. After about 7 g/m2 loading, the pressure drops
only increase about 20% of its initial value. This observation is consistent with the results reported about
the loading of the fibrous media under the high humidity (Gupta et al., 1993; Li et al., 2020; Montgomery
et al., 2015). One possible explanation for this phenomenon is that with the moisture of the exhalation, the
bonding forces between particles become stronger, and the upcoming particles trend to stick to the predeposited particles rather than rolling into and filling the interstitial spaces which leads to a more compact
particle deposition and increases the loading pressure drop more significantly (Gupta et al., 1993). Also,
the liquid bridges formed between particles due to the condensation of water moisture in the gaps can
decrease the total surface area of the dendrite structure and reduce the pressure drop due to friction. With
the continue water absorption, the dendrite structure may shrink and the large air passageway may exist
with the coalescing of particles leading to a slow pressure drop increase (Pei et al., 2019). Besides, it is
hypothesized that with the exhaled moisture, the pre-deposited particles may deliquesce and be
transformed into droplets, with the following dry inhalation flow, the droplets may coalesce and be
redistributed to form a relative uniform layer on the fiber surface which reduce the increase of pressure
drop. A similar relative low pressure drop increase at the initial period of time has been reported for the
filter loading with liquid particles or hygroscopic solid particles under the RH higher than the
deliquescent point (Contal et al., 2004; Hsiao et al., 2015; Li et al., 2020).
Figure 4.3 (b) shows the correlation between the pressure drop ratio and the loaded mass under
the sinusoidal flow conditions with/without the exhalation moisture and the corresponded constant flow
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rate of MIF for the coarse NaCl particles. The same trend was observed as in Figure 4.3 (a). When
comparing the profiles of the pressure drop increase in Figure 4.3 (a) and (b), it can be found for the
coarse particles, with the same mass loading, the pressure drop increase are smaller than that for the fine
particles due to the smaller total surface area of the dendrite structure. For the sinusoidal flow without the
exhaled moisture, though adding a flow oscillation can reduce the increase of the pressure drop for both
fine and coarse particles, it seems this effect of flow oscillation is more significant for the fine particles
since the difference between the pressure drop increase under the constant flow condition and that under
the sinusoidal flow condition without exhaled moisture are more obvious. Also, under the sinusoidal flow
with exhaled moisture, it looks like the pressure drop increase is slower for the fine particles than that for
the coarse particles.

Figure 4.4 The scanning electron microscopy (SEM) of the loaded filter media under the oscillating flow
conditions with a frequency of 12 min-1 and the RH of 20%
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4.3.2 Effect of Breathing Frequency on the Light Loading under Sinusoidal Flow
Conditions
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Figure 4.5 The correlation between the pressure drops ratio and the mass loading under the sinusoidal
flow pattern for fine particles (a) at the frequency of 12 and 48 min-1 with exhaled moisture and (b) at the
frequency of 6, 12 and 48 min-1 without the exhaled moisture.
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For the fine particles, Figure 4.5 (a) shows the correlation between the pressure drops ratio and
the mass loading under the sinusoidal flow pattern at the frequency of 12 and 48 min-1 with exhaled
moisture. It can be observed, the profiles of the pressure drop are almost the same for these two
frequencies which shows there is no frequency effect on the particle loading. Figure 4.5 (b) shows the
correlations under the sinusoidal flow pattern at the frequency of 6, 12 and 48 min-1 without the exhaled
moisture. It can be found, without the moisture, when increasing the frequency from 12 to 48 min -1 , the
increase of the pressure drop slows down after certain point, while when decreasing the frequency from
12 to 6 min-1, the pressure drop profile does not change much. It is hypothesized that a stronger flow
oscillation may introduce a more severe “open channels” effect in the filter media loading slowing down
the increase of the pressure drop, while adding the moisture will eliminate this effect.
For the coarse particles, Figure 4.6 (a) shows the correlation between the pressure drops ratio and
the mass loading under the sinusoidal flow pattern at the frequency of 12 and 48 min -1 with exhaled
moisture for coarse particles, the same as the observation for the fine particles, there is no frequency
effect on the profile of pressure drop when the exhaled moisture is considered. Figure 4.6 (b) shows the
correlations under the sinusoidal flow pattern at the frequency of 6, 12 and 48 min -1 without the exhaled
moisture. It can be found the profile didn’t change when decreasing the frequency from 12 to 6 min -1
while the increase of pressure drops slow down when increasing the frequency from 12 to 48 min-1 .
In summary, when using the dry oscillating flow to challenge the filter media, the increase of
pressure drop will become slower when the frequency is increased to certain point. While when the humid
moisture is introduced into the oscillating flow, this frequency effect disappears.
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Figure 4.6 The correlation between the pressure drops ratio and the mass loading under the sinusoidal
flow pattern for coarse particles (a) at the frequency of 12 and 48 min-1 with exhaled moisture and (b) at
the frequency of 6, 12 and 48 min-1 without the exhaled moisture.
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4.3.3 Light Loading under Constant Flow Conditions at Different RHs
Based on the previous observation, the cyclic flow oscillation can slow down the increase of
pressure drop, while adding the exhalation moisture can eliminate this effect. It is thus interesting to see
whether testing the filter media under the constant flow conditions with well controlled RH can simulate
the performance of the filter media under the oscillating flow conditions with the exhaled moisture.
Figure 4.7 (a) shows the correlations between the pressure drops ratio and the loaded mass under
the constant flow conditions with different RH settings of 20%, 60% and 70% for fine particles. As the
reference, the correlation under the simulated human’s breathing (sinusoidal flow with frequency of 12
min-1 and exhaled moisture) was also added in the figure. It can be observed, under the deliquescence
point of particles (75% for the NaCl), with the increase of the RHs, the increase of the pressure drop
slows down significantly which is consistent with the previous studies. When the RH was set as 70%, the
increase of pressure drop ratio under the constant flow condition was only a little bit faster than that under
the simulated breathing condition. Figure 4.7 (b) shows the correlation for the coarse particles, the same
trend can be found as in Figure 4.7 (a). For the coarse particles, the correlation between the pressure drops
and the mass loading under the constant MIF with the RH set between 60%-70% matches with that under
the simulated human’s breathing very well.

77

(a)

5
Con_RH=20%
Con_RH=60%
Con_RH=70%
Sin_Fre=12_moisture

4.5
4

∆Pt / ∆P0

3.5
3
2.5

2
1.5
1
0

1

2

3

4

5

6

7

8

Mass Loading (g/m2)

(b)

4

Con_RH=20%
Con_RH=60%
Con_RH=70%
Sin_Fre=12_moisture

3.5

∆Pt / ∆P0

3

2.5

2

1.5

1
0

2

4

6

8

10

12

Mass Loading (g/m2)

Figure 4.7 The correlations between the pressure drops ratio and the loaded mass under the constant flow
conditions with different RH settings of 20%, 60% and 70% for (a) fine particles and (b) coarse particles

4.3.4 The Mass-based Collection Efficiency during Loading
Except the pressure drops, the collection efficiency is the other factor people are concerned about
for the filter media. Taking the fine particle loading under the constant flow condition with RH of 20%
78

and 70% and the simulated human’s breathing condition (frequency of 12 min-1 with exhaled moisture) as
example, Figure 4.8 shows the correlation between the mass-based collection efficiency and the loaded
mass.
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Figure 4.8 Correlation between the mass-based collection efficiency and the loaded mass under the
constant flow condition with RH of 20%, 70% and the simulated human’s breathing condition.
It was found, for the simulated human’s breathing condition, the collection efficiency showed a
minor increase with the deposition of particles and then a plateau before it reached 100%. The same trend
was also observed for the particle loading under the constant flow condition with the RH of 70%.
However, for the particle loading under the constant flow condition at the RH of 20%, the mass-based
collection efficiency increased continuously during the loading process until it reached to almost 100%.
Considering the trend of the pressure drop increase discussed in the previous section, generally, a higher
pressure drops are usually accompanied by a higher collection efficiency, while a smaller pressure drops
usually means the collection efficiency is also relatively low. For all the testing conditions investigated in
this study, with the deposition of particles in the filter media, the mass-based collection efficiency
increased more or less, and no overall collection efficiency decrease was observed. Since the filter media
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investigated in this study owns a relatively compact mechanical structure, the increase of collection
efficiency due to the microstructure change of the filter media during the loading may overcome the
possible decrease of the collection efficiency due to the decline of the electrostatic collection mechanism.
More research needs to be done to further identify it.

4.4 Summary
In this study, the performance of electret filter media used for the respirators under the light
loading process was investigated. The sinusoidal oscillating flow with the exhaled moisture was utilized
to simulate the human’s inhalation and exhalation. Sinusoidal flow without the exhaled moisture and
constant flow of the MIF with different RH settings were also employed to be compared with the
simulated human breath condition. The effect of the oscillating frequency, RHs (for the constant flow
conditions) and the particle size effect on the performance of filter media during the loading were
investigated.
It was observed that the increase of the pressure drop due to the particle deposition shows a
general order as: constant flow rate (RH of 20%) > sinusoidal flow without the exhaled moisture
(RH=20%) > sinusoidal flow with exhaled moisture for both the fine particles and the coarse particles.
Without the moisture vapor, the flow oscillation slows down the increase of the pressure drops compared
with that under constant flow rate, and this effect is more obvious for the case of high oscillating
frequency. However, with the existence of the moisture vapor, the pressure drops increase much more
slowly, and the frequency effect on the pressure drop increase is eliminated. The pressure drop profiles
under the constant loading with well controlled RHs were investigated to try to see whether it can be used
to represent the profile under the simulated human’s breathing conditions. It was found, the same as
previous finding, the increase of the pressure drop will be slower with the increase of the RHs (lower than
the deliquescence points). By increase the relative humidity up to 70%, the profile of the pressure drops
under constant flow condition is similar as that under the simulated human’s breathing especially for
larger challenging particles.
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For the mass-based collection efficiency, for all the testing conditions in this study, the increase
of the pressure drops due to particle deposition are accompanied by a more or less increase of the massbased collection efficiency. There is no decrease of collection efficiency being observed which may be
related to the compact structure of the filter media selected in this study.
This study shows when investigating the performance of electret respirator filter media during the
loading, the flow pattern, humidity, exhaled moisture, frequency of the oscillation flow, and particle size
must be carefully selected since all these factors may have an effect on the testing results. Also, this study
may provide some guidance for the optimal utilization of electret media under certain working conditions.
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Chapter 5 Review of Filtration Study of Wall Flow Filters
5.1 Review of the Filtration Performance Study for Wall Flow Filters
Based on the flow field solution around the spheres derived by Kuwabara (1959), Lee et al. (1979)
theoretically derived the equations of collection efficiency due to diffusion and interception for packed
beds. Ever since these equations were firstly applied on the DPFs by Konstandopoulos et al. (1989), the
spherical “unit cell” model has been widely used to predict the filtration performance of the wall flow
filters.

Figure 5.1 Schematic representation of wall flow filter substrate with spherical “unit cell” theory
As is shown in Figure 5.1, according to the spherical “unit cell” theory, the wall substrate in the
wall flow filters is represented as an assembly of identical cells consisting of a solid spherical collector
and the surrounding fluid envelope. For each collector, the diameter of the “unit collector” d c0 is related to
the “unit cell” size b through the porosity as:
𝑏3
3
𝑑𝑐0

= (1 − 𝜀0 )

(5-1)

where, ε0 is the porosity for the clean filter.
The collection of particles for the whole filter can be regarded as the overall effect of all the unit
cells. For each unit cell collector, the major mechanisms for particle collection include the Brownian
diffusion, interception, and the possible impaction which is similar as that for the mechanical fibrous filter
media.
(a) Brownian diffusion
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The collection efficiency for single collector due to Brownian diffusion can be calculated based
on the flow field analysis and by solving the convective diffusion equations near the boundary of
spherical collector. According to Lee et al. (1979), the efficiency due to diffusion E D can be calculated as:
𝐸𝐷 = 3.5 ∙ (

𝜀 1/3
) ∙ 𝑃𝑒 −2/3
𝐾𝑢

(5-2)

where, Ku is Kuwabara’s hydrodynamic factor
1
9
1
𝐾𝑢 = 2 − ( ) ∙ (1 − 𝜀) 3 − 𝜀 − ( ) ∙ (1 − 𝜀)2
5
5

(5-3)

the Peclet number is given by:
𝑃𝑒 =

𝑈 ∙ 𝑑𝑐
𝐷𝑝

here, U is the interstitial velocity which is related to the approaching velocity uw as: 𝑈 =

(5-4)
𝑢𝑤
𝜀

, and Dp is

the diffusion coefficient of particles as:
𝐷𝑝 =

𝑘𝑇𝐶𝑐
3𝜋𝜇𝑑𝑝

(5-5)

where, k is the Boltzmann constant, T is the temperature, µ is the dynamic viscosity of the fluid, dp is the
diameter of particles and Cc is the Cunningham correction factor which can be calculated as:
𝐶𝑐 = 1 +

𝑑𝑝
𝜆
[2.34 + 1.05𝑒𝑥𝑝 (−0.39 )]
𝑑𝑝
𝜆

(5-6)

where, λ is the mean free path.
With the assumption that the specific surface area of the porous substrate is consistent with that of
the spherical cell units, the collector size can be calculated as:
𝑑𝑐0 =

3 (1 − 𝜀0 )
∙ 𝑑𝑝𝑜𝑟𝑒
2 𝜀0

(5-7)

(b) Interception
When the particle becomes larger, the interception will have a more important effect on the
particle collection. The collection efficiency due to the interception is given as (Lee et al., 1979):
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𝐸𝑅 = 1.5 ∙ (

𝜀
𝑅2
)∙
𝐾𝑢 (1 + 𝑅)𝑚

(5-8)

where, R is the interception parameter computed as:
𝑅=

𝑚=

𝑑𝑝

(5-9)

𝑑𝑐

3 − 2𝜀
3𝜀

(5-10)

(c) Impaction
For particles in large diameter and high velocity, due to the inertial effect, particles cannot change
their path line quickly enough to follow their original streamline and will impact on the collector. For the
application of wall flow filter in the engine exhaust control, the inertial impaction only contributes a limit
contribution on the particle collection due to a small Stokes number. The equation from Otani et al. (1989)
may be used to calculate the collection efficiency due to impaction:
𝐸𝐼 =

3
𝑆𝑡𝑘𝑒𝑓𝑓

(0.014 + 𝑆𝑡𝑘𝑒𝑓𝑓 )3

(5-11)

𝑆𝑡𝑘𝑒𝑓𝑓 = 𝑓(𝑅𝑒, 𝜀) ∙ 𝑆𝑡𝑘

(5-12)

where, Stkeff is named effective Stokes number to consider the effect of Reynolds number Re on the
Stokes number Stk.
𝑆𝑡𝑘 =

𝜌𝑝 𝑑𝑝2 𝑈
18𝜇𝑑𝑐

𝜀
]
𝑓(𝑅𝑒, 𝜀) = 1 + 1.75 ∙ 𝑅𝑒 ∙ [
150(1 − 𝜀)
𝑅𝑒 =

𝜌𝑔 𝑈𝑑𝑐
𝜇

(5-13)

(5-14)

(5-15)

Assuming each collection mechanism works independently, the collection efficiency for a single
unit collector can be calculated as
𝐸𝑡 = 1 − (1 − 𝐸𝐷 )(1 − 𝐸𝑅 )(1 − 𝐸𝐼 )
the filtration efficiency of the clean wall flow filter with wall thickness w can be calculated as
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(5-16)

𝐸 = 1 − 𝑒𝑥𝑝 [−

3𝐸𝑡 ∙ (1 − 𝜀0 ) ∙ 𝑤
]
2𝜀0 𝑑𝑐0

(5-17)

Similarly, based on the flow field solution derived by Happel (1958), Rajagopalan et al. (1976)
also developed a series correlation for the single collector efficiency based on the unit-cell method. More
details can be found from Tien (2012).
Various numerical models have been developed to investigate the filtration performance of the
wall flow filters since it is costly and time consuming to conduct the experiment. With the DPFs have
been utilized on the diesel engines as the standard aftertreatment equipment for decades, most of the
numerical studies about wall flow filters focus on the DPFs. Generally, there are three coexisting length
scale need to be addressed for the numerical model of the wall flow filters: the pore scale (µm), the
channel scale (mm) and the entire filter scale (dm) (Konstandopoulos et al., 2007). Among those models
on different scales, the channel scale model has been most commonly chosen by researchers.
For the channel scale model, the first 1-D model was proposed by Bissett (1984), a single inlet
and outlet channel were used to represent the whole filter. With a series of assumptions including a
uniform front face velocity, neglect change of the channel due to the existence of soot layer and uniform
soot deposition along the channel, the flow field, temperature distribution and pressure drop were studied
in his model. Based on Bissett’s model, other 1-D models were derived with the assumptions reassessed.
Konstandopoulos et al. (2000) developed a 1-D channel model to simulate the transient filtration
performance of the DPFs. Both the pressure drop and the collection efficiency were predicted with their
model. Guo et al. (2006) developed a 1-D model to study the distribution of soot layer thickness during
the loading process and they found the nonuniform wall velocity causes the nonuniform soot layer
distribution. Lupše et al. (2016) build a 1-D channel model to predict the filter performance during both
loading and regeneration stages for different channel size and material. The wall of the channel is
modelled as a series of layers to simulate the change of local properties due to particle deposition.
However, their model is only validated with the experimental pressure drop data while no comparation
was conducted for the filtration efficiency. Deuschle et al. (2008) developed a 2-D channel model by
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expanding the commercial CFD-code (FLUENT 4TM) with self-developed subroutine to simulate both the
particle deposition and regeneration in the DPFs. Euler-Lagrange approach was used to simulate the
particle motion and the “unit-cell” filtration model was used to calculate the particle deposition. Once the
particle deposition profile was got, the grid in the inlet channel was adjusted to match the surface layer
topology. However, their model was also only validated by the experimental pressure drop while no
efficiency data was compared. Piscaglia et al. (2005) developed a 2-D model to investigate the effect of
inlet face velocity and the wall permeability on the velocity field and the soot deposition inside the DPF.
They found both the wall velocity and soot deposition profile along the channels were not uniform.
Increasing the inlet face velocity and the wall permeability increases the non-uniformity. Sbrizzai et al.
(2005) investigated the particle deposition in one pairs of channels in the DPF with a 3-D channel model.
The Euler-Lagrange method considering drag force and Brownian force was used to calculate the particle
trajectory. They found larger particles were willing to deposit at the end of the channel and nearly no
particles deposit in the initial portion of the channel due to the flow contraction at the inlet. Bensaid,
Marchisio, Fino, et al. (2009) developed a 3-D channel model to investigate the particle loading in the
wall flow filter by using the Eulerian-Eulerian approach to model the particle deposition. They concluded
the deposition of particles along the axial coordinate is uneven for the bare filter, while with the
accumulation of the soot particles in the porous media and the formation of soot cake on the surface of the
wall, the through-wall velocity evolves towards an “iso-permeability” profile resulting in an almost
constant soot layer thickness.
Rare study has been done about the pore scale modeling of DPFs. On the one hand, the wall
substrate will be saturated quickly, and a soot layer will be built on the wall surface soon due to the high
diesel engine exhaust. The cake filtration regime dominates the lifetime of DPFs which is not related to
the microstructure of the wall. On the other hand, due to the complex geometry of wall substrate,
simulating the flow and particle transport in the porous wall is very challenging and needs a high
computational expense. Yamamoto et al. (2009) used the lattice Boltzmann method to simulate the flow
field and the particle deposition in a small piece of real cordierite DPFs (400µm×80 µm×80µm). The
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inner structure of the filter was obtained with the 3-D X-ray tomography. They found the flow through the
inner structure was significantly changed due to the particle deposition, and the pressure drops showed a
slight change, abrupt increase and slow increase mode during the particle deposition processes. Until
recently, more pore scale modeling has been done on the GPFs since the microstructure of the wall
substrate have a significant effect on the performance of the filter. Plachá et al. (2020) developed a pore
scale filtration model with OpenFOAM to investigate the impact of catalyst distribution on the filtration
efficiency of wall flow filters. Wall structures with different distribution of catalyst ranging from in-wall
to on-wall were reconstructed from 3-D X-ray tomography. The filtration process was simulated by the
self-developed solver, and the particle trajectory was calculated with Lagrangian approach. They found
the on-wall catalyst layer significantly increased the clean filter efficiency. Kočí et al. (2019) use the
similar pore-scale model to simulate the flow in the coated catalytic filter. They found the flow
predominantly passed through the free pores in the filter and the cracks in the catalyst layer, and the
compact catalytic coating led to a significant increase of the pressure drop. Seong et al. (2019) reconstruct
the 3-D structure of GPFs using the X-ray tomography to investigate the effect of catalyst coating and ash
loading on the pore structure of wall substrate. They concluded the catalyst coating and ash loading can
lower the mean pore size, porosity and block the initially existed opened pore leading to an increase of the
pressure drop.
For the entire filter scale model, since it is very time-consuming to simulate each channel, usually,
it is assumed channels in the radial direction perform the same, and one channel in each radial sector is
selected and solved to represent that sector. By this way, the entire filter scale model can be converted to
the multi-channel model. Yi (2006) developed a 3-D macroscopic model by coupling with a 1-D model to
investigate the soot loading in the DPFs. The DPF was grouped to different sectors based on the inlet
velocity distribution. 1-D channel model was used to simulate the soot loading in each sector. They found
the soot preferred to deposit at the ends of the inlet channel first and then spread to the whole channel to
get a more uniform deposition profile. Also, higher soot accumulation around the centerline of the filter
was observed due to the higher filtration velocity cross the wall. Haralampous et al. (2003) developed a 287

D model to investigate the partial regeneration of the DPFs. The DPF was discretized into several axisymmetric radial sectors in the radial direction, and a representative channel for each radial sectors was
solved with the single channel model. They found the thermal loading can be significantly high due to the
initially non-uniform soot distribution. Also, Hinterberger et al. (2007) built a 3-D macroscopic model to
simulate the soot loading and regeneration of the whole DPF.
Limited experimental studies to characterize the wall flow filter after usage have been done.
Bensaid, Marchisio, Russo, et al. (2009) sectioned the lab-scaled filter and measured the soot layer
thickness in each channel. They found the minimum thickness of the soot layer along the axial coordinate
happened at around half of the channel length. Liati et al. (2010) carried out multi-scale analytical
investigation to characterize the soot and ash deposition in two DPFs. They found for the light truck DPF,
the soot layer thickness varies between approximately 130 and 270 µm with the thicker parts occurring at
the end of the channel. Harvel et al. (2011) used the dynamic neutron radiography method to measure the
deposited soot distribution in the silicon carbide wall-flow filter and found the soot is deposited more
towards the exit end of the filter.
Though many numerical studies have been done on the wall flow filters, most of these studies are
about DPFs in which the mean pore size was used to represent the microstructure of the wall. However,
for the GPFs, the wall substrate significantly affects the filter performance, a more practical
representation of its microstructure needs to be used for an accurate filtration performance prediction.
Though the pore scale model can capture the realistic microstructure of the wall substrate, due to the
complex computational domain, it is very time consuming and needs expensive computational capacity.
While on the computational requirements, channel scale model owns a big advantage compared with
others. In this study, we propose to use a 3-D multiscale model combining the channel scale and the pore
scale model to conduct a more accurate and time-saving filtration simulation. Instead of using the real,
complex pore geometry, the collector size distribution characterized with XRT was used in the pore scale
model.
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5.2 Review of the Characterization Method for the Wall Flow Filters
For the GPFs, it is rare to have a soot cake layer built in the channel substrate due to the lower
PM mass emission and the higher exhaust temperature leading to the continuous passive regeneration.
The GPFs usually works under the deep filtration period, and their performance is highly related to the
microstructure of the wall substrate. Since the wall structure are usually highly heterogeneous due to the
intrusion and sintering manufacturing process, using the mean pore size (or collector size) to represent the
microstructure of the wall substrate is oversimplified. To better predict the filtration performance of the
wall flow, it is very important to characterize the microstructure of the wall substrate more accurately.
The mercury intrusion porosimeter (MIP) has been often used to characterize the pore size
distribution of the wall flow filter. This technique employs the intrusion of the non-wetting mercury at
high pressure into a porous material. Assuming the pores are cylindrical, the applied pressure and the pore
size can be related with the Washburn formula:
∆𝑃 =

4𝜎 cos 𝜃
𝐷𝑝

(5-18)

where, ∆P is the intrusion pressure, σ is the surface tension of mercury, θ is the contact angle between the
solid and mercury, and Dp is the diameter of the pore. For the surface tension of mercury, a value of 0.485
N/m is commonly accepted by most researchers, and for the contact angle, a value ranging from 130° to
140° is practically applied. With the applied pressure, the large pore will be first saturated and with the
increase of the intruding pressure, the smaller pore size can be filled with mercury. Pore size ranges from
3nm to 500 um can be usually measured with this method (Giesche, 2006). With the intrusion volume of
the mercury recorded during the measurement, the pore volume distribution by pore size can be got.
Though MIP offers relatively fast and easy way to characterize the pore size of the wall substrate.
It does have some limitations. First, this method simplifies the pore structure as ideal cylindrical pore
which may lead to significant difference between the measurement and the reality. Second, the MIP does
not measure the inner size of the pore, but the size of the largest entrance into the pore which may
underestimate the real pore size (Giesche, 2006). Third, the closed pore and blind pore cannot be
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measured with this method which may get an inaccurate porosity of the porous material. Also, the high
pressure may damage and distort the pore structure leading the measurement uncertainty especially for the
brittle porous material (Seong et al., 2019). Besides, though the practical value of the contact angle and
the surface tension are commonly used in correlating the pore size with pressure, the uncertainty of these
two parameters for different porous material may also lead to measurement uncertainty (Anovitz et al.,
2015).
With the rapid development of imaging techniques, complementary methods such as x-ray
tomography (XRT), scanning electron microscopy coupled with focused ion beam milling (FIB-SEM)
technology, has been used to directly measure the pore structure of the porous material (Anovitz et al.,
2015). The 3-D XRT based on micro computed tomography technology can be used to visualize and
measure the 3-D object structures without damaging the inner structure of the sample. A XRT system
generally comprises an X-ray source, a rotation stage on which the object is fixed, and an X-ray detector.
Its working theory is based on the different local X-ray absorption in the sample which follows the BeerLambert law (Maire et al., 2001):


𝑁1
= exp[− ∫ 𝜇(𝑠)𝑑𝑠 ] 
𝑁0

(5-19)

𝑆∈𝑟𝑎𝑦

where, N1 is the number of transmitted photons of energy E, N0 is the number of incident photons of
energy E and µ is the attenuation coefficient of the sample along that beam. The attenuation coefficient µ
varies along the beam and depends on the local composition of the samples and the photon energy and
follows the typical law as (Maire et al., 2001):
𝜇(𝑥, 𝑦, 𝑧) = 𝐾𝜌

𝑍4
𝐸3

(5-20)

where K is constant, ρ is density, Z is the atomic number of the material, E is the energy of the incident
photons. The projection of the 3-D object containing the integration of absorption information inside the
three-dimensional object along the path of the X-ray beam can be captured by the X-ray detector as the 2D shadow image. By rotating the sample over 180 or 360 degrees with a fixed rotation step, hundreds of
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2-D shadow images can be got and the 3-D structure of the object can be reconstructed with an
appropriate algorithm based on the filtered back-projection (Feldkamp et al., 1984). Due to the different
X-ray attenuation for different phases (i.e., void space and solid material), the gray levels of the different
materials vary in the 2-D XRT slices. By applying the thresholding segmentation, pixels with grayscale
larger or smaller than the threshold value can be separated, and the grayscale images are transformed into
binary images. With the binary images, information about different phases (i.e., pores size, pore network
and material size) can be extracted.
Though the XRT method has been widely used in a wide range of fields such as geology,
medicine, construction material, fuel cell and ceramic material (Cocco et al., 2013; Ho et al., 2006;
Romero et al., 2008; Swain et al., 2009) , it has not been used in the analysis of the microstructure of the
DPFs/GPFs until recently (Greiner et al., 2019; Kočí et al., 2019; Nakayama et al., 2019; Nickerson et al.,
2019; Plachá et al., 2020; Seong et al., 2019; Shao et al., 2021; Vaclavik et al., 2017). Vaclavik et al.
(2017) used three techniques-mercury porosimeter, scanning electron microscopy and X-ray
microtomography to characterize the porous structures of catalytic wall flow filter used for the exhaust
after-treatment. The maximum sphere inscription method was used to evaluate the local pore size in the
reconstructed 3-D structure (Novák et al., 2010). With this method, a sphere is generated in the void
space and enlarged step-wisely until it contains the solid phase. The maximum sphere diameter is then
used to represent the local pore size. By comparing the pore size distribution got from MPI and XRT, they
found the mode pore size got from XRT was larger than that from MPI. Since the MPI method actually
measures the diameter of the pore throat but not the size of the inner pore, they concluded the pore size
distribution measured by the XRT method was closer to the reality. The same observation that the pore
size measured by the MPI is smaller than that measured by XRT was also reported by Shao et al. (2021)
for the medium-density fiberboards. Seong et al. (2019) investigated the pore structure of the bare GPF,
catalyst-coated GPF and the ash-loaded GPF with XRT method to understand the impact of catalyst
coating and ash loading on the microstructure of the wall substrate. They found the mode pore size of the
bare GPF measured by the XRT (about 47 µm) is twice larger than that measured by the MIP method
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(about 20.9 µm). They also commented that the pore size measured by the MIP is the pore throat size
(Giesche, 2006). Which will underestimate the real pore size when the narrow pore throat was connected
to the larger pores. Besides the direct measurement of the pore size distribution, one of the most attractive
advantages of this method is that the pore structure can be digitally reconstructed, and the mathematical
simulation can be directly applied to this representation of the real structure. Several researchers have
conducted the pore scale modeling base on the reconstructed real 3-D microstructure to predict the
transport of flow and particles in the wall flow filter (Greiner et al., 2019; Kočí et al., 2019; Leskovjan et
al., 2021; Plachá et al., 2020).
Although the XRT has been used to analysis the microstructure of the wall flow filters recently,
no research has applied this more accurate microstructure information in the prediction of the filtration
performance with the classical filtration model (i.e., “unit cell model”). Besides, for all the previous study,
only the pore size is directly evaluated by using both the traditional MIP and the XRT method. However,
in the classical unit cell filtration model, the collector size is directly utilized. The traditional way to
convert the pore size into collector size by assuming the specific area of the porous substrate may
introduce significant uncertainty in the filtration model. In this study, we propose to use the XRT to
directly characterize the collector size of the wall substrate and use this directly measured collector size
distribution to improve the unit cell filtration model.

5.3 The Optimization of Wall Flow Filters
The wall flow filter has a much larger filtration area due to its specific honeycomb structure with
adjacent channels alternatively blocked at each end. For the same volume flow rate, the higher filtration
area owns a smaller filtration velocity leading to a lower pressure drop and higher collection efficiency.
The optimization parameters for the wall flow filter geometry design include the cell density, the wall
thickness, the filter length, and the filter diameter (for the cylinder wall flow filter). Note that, the cell
density represents the number of cell channels per unit area, a high cell density means a small channel
cross-section area, while a low cell density means a larger channel cross-section area. As is shown in
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Figure 5.2, the pressure drops of the wall flow filter generally consists of the pressure drop due to the inlet
contraction, outlet expansion, channel friction and the porous wall. Compared with the part due to channel
friction and the porous wall, pressure drop due to contraction and expansion only counts a small fraction.
If all other parameters are fixed, at a high cell density, the pressure drop across the filter wall will
decrease with the increase of the filtration area, however, the pressure drop due to the channel friction
loss will also increase. While at a low cell density, a higher pressure drops due to the porous wall and the
lower pressure drop due to the channel friction loss can be expected. Therefore, an optimal cell density
can be found for a given channel length which provides the overall lowest pressure drop across the filter.

Figure 5.2 Pressure loss components of wall flow filters (Konstandopoulos, 2003)
Ignore the pressure drop due to contraction and extension, Konstandopoulos et al. (1999)
proposed the following equation to calculate the pressure drop of clean wall flow filter:
∆𝑃 =

2𝜇𝑄
𝑤𝑠 2 𝛼𝑤𝑠 8𝐹 𝐿 2
( ) }
(1 + ) {
+
4𝑉𝑡𝑟𝑎𝑝
𝛼
𝑘
3 𝛼

(5-21)

where, µ is the dynamic viscosity; Q is the volume flow rate; V trap is the volume of the wall flow filter, F
is a factor equal to 28.454, α is the channel width which can be calculated by the cell density, k is the
permeability of the wall, ws is the wall thickness, L is the filter length.
By differentiating the equation with respect to α keeping all the other parameters constant, an
optimal design criterion for the clean wall flow filter can be get:
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Since the clean wall flow filter period only accounts for a small portion of the filter lifetime, a
good design for the clean filter may not be appropriate for the loading application. However, it is
surprised to find seldom work has been done for the design optimization of wall flow filter under loading.
By adding a dust layer on the wall surface, Konstandopoulos et al. (1999) extended the optimization
criterion of the channel width to the loaded wall flow filter as:
𝛼𝑜𝑝𝑡 (𝑤 + 𝑤𝑠 )
𝑘𝑒𝑓𝑓

2(𝑤 + 𝑤𝑠 ))
2 (1 +
𝛼𝑜𝑝𝑡
16𝐹 𝐿
(
)
=
(
)
3 𝛼𝑜𝑝𝑡
(1 − 𝑤 + 𝑤𝑠 )
𝛼𝑜𝑝𝑡
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where, w is the thickness of the soot layer, k eff is the effective permeability which can be calculated as:
𝑤 + 𝑤𝑠
𝑤
𝑤𝑠
=
+
𝑘𝑒𝑓𝑓
𝑘𝑠𝑜𝑜𝑡 𝑘

(5-24)

This equation assumes that the thickness of the dust layer is uniform along the channel length.
Also, the permeability change of the porous wall due to the particle deposition is not considered.
Except the wall flow filter with square channel, changing the cross-section of the channel shape
can also improve the performance of the wall flow filter during the loading. Bardon et al. (2004)
introduced a new cell geometry named “wavy” by adding a sinusoidal undulation of the honeycombs wall
to increase both the inlet channel volume and the filtration area of the filter. After a series of field studies,
they found filters with “wavy” cell structure had a higher ash storage capacity and a lower backpressure
when loading the same amount of soot compared with the square cell. Ogyu et al. (2004) investigated
three new types of cell design to try to enhance the ash storage capacity of the wall-flow filter, and they
found the filter with octagon inlet channel and square outlet channel had a relatively thinner soot
thickness since the slanted wall increases the filtration area. Aravelli et al. (2007) investigated the
performance of asymmetric cell technology (ACT) wall-flow filter with a larger square inlet channel and
a smaller square outlet channel. They found the ACT filters had a higher ash capacity compare with the
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symmetric wall-flow filters since they have a larger inlet channel volume. Tsuneyoshi et al. (2012)
implemented the experiment comparing the performance of wall-flow filters with hexagonal cell and
conventional square cell. They found wall-flow filter with hexagonal cell structure owned a higher initial
filtration efficiency and a smaller pressure drop during the loading.
Until now, the optimization of the wall flow filter is mostly focusing on optimizing the cell
density and the shape of the channel, while no research has been reported about optimizing the wall flow
filter by changing the cross-section of the channel along the channel length. We thus propose a wall flow
filter design owning a changeable channel cross-section area to conduct the filter optimization study.
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Chapter 6 An Improved Filtration Model for Wall Flow Filters
Characterized by the Nano-CT: from Initial to Depth Filtration
6.1 Introduction
In this study, the microstructure of the wall flow filter was characterized with the X-ray Nano
Computed tomography (Nano-CT) . The pore size distribution and the collector size distribution were
both analyzed based on the 3-D microstructure of the filter sample reconstructed with the software Avizo
9.0. These pore size and collector size distribution were then compared with the commonly used pore
throat value measured by the MIP and the collector size converted from the pore throat size. The volumebased collector size distribution characterized from Nano-CT was then built in the classical “unit cell”
filtration model.
With the “unit cell” filtration model modified by the volume-based collector size distribution, a 3D multiscale model at both the channel scale and pore scale was built to simulate both the initial filtration
for the clean filter and the depth filtration. For the initial filtration, the change of the wall substrate due to
the particle deposition is neglectable and the initial collection efficiency is calculated by taking the ratio
between the penetrated particle mass and the original particle mass. The collection efficiency for the clean
filter was measured under different flow conditions and the experimental data was used to tune the initial
filtration model. For the depth filtration, the microstructure change due to the particle deposition was
updated and the flow field was recalculated after each release of particle stream. Particles streams were
continually released to simulate the dynamic depth filtration process. The simulated collection efficiency
and pressure drop during the depth filtration were compared with the experiment data showing the model
can predict the filter performance during the depth filtration reasonably well.

6.2 Microstructure Characterization of Wall Flow Filters with Nano-CT
The microstructure of the wall flow filter used in this study was analyzed with the SkyScan multiscale X-ray Nano-CT (SkyScan 2214, Berker). The X-ray source voltage can be adjusted between 20-160
kV with a source power up to 16V. The smallest pixel size can be down to 60 nm and the low-contrast
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resolution can be smaller than 500 nm. The maximum object size for this machine is 300 mm in diameter
and 400 mm in length. To get a high resolution, a small piece of wall substrate sample (1.5×1.5×2.0 mm)
was taken from the wall flow filter and mounted on the rotary stage with the parafilm in this study. The
sample were scanned with the following parameters settings: source voltage: 40kV; source power: 6.64 W;
voxel size: 1.5 µm; detector resolution: CCD 3 (2048 × 2048) pixels. The sample was rotated 360 degrees
with a rotation step of 0.4 degree resulting in 900 2-D transmission tomography images captured during
the scanning process. The 2-D tomography images were then sent to NRecon software to reconstruct and
convert them into 8-bit unsigned grayscale images. The Avizo 9.0 (Thermo Fisher Scientific) software
were then used to reconstruct the 3-D structure and analysis the pore size and collector size. Figure 6.1
shows the cross section of the sample scanned by the Nano-CT.

Figure 6.1 The cross section of the wall flow filter channel obtained by Nano-CT scan
To save the processing time, only a region of interest (ROI) (1.475×0.245×1.576) was selected to
do the microstructure analysis. Figure 6.2 shows the image processing procedures in Avizo software. It
usually includes the following steps:
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Figure 6.2 Image processing steps in Avizo
(a) Reconstruction
The 2-D tomography images obtain from the Nano-CT were send to the Avizo software to
reconstruct the 3-D structure. By adding an Orth Slice and Volume Rendering module, both the 2-D and
3-D view can be generated.
(b) Segmentation
The void space and the solid material were then separated using the Auto Thresholding module.
The threshold can be automatically computed with this function, and all pixels with greyscale value larger
than the threshold value are set to 1, while all other pixels were set to 0. The greyscale images were
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converted into the binary images after this operation. The Auto thresholding type was selected as auto
threshold low which means the pore space was shown as blue color while the material was shown as
black color.
(c) Separation
The Axis Connectivity module was applied first to keep only the connected pore in the sample.
Then the Separate Objects module was used to separate the pore space into a set of connected and labeled
pores. The chamfer-conservative method was selected which combines the watershed, distance transform
and numerical reconstruction algorithms (Seong et al., 2019) and the neighborhood that refers to the type
of connectivity for processing adjacent voxels was set at 26 among 6, 18 and 26. The marker extent that
specifies a number as a contrast factor was set at 1. This contrast factor controls the size of seeds marking
objects to be separated. Increasing this value can merge some markers and therefore decrease the number
of separated objects.
(d) Generate Pore networking
The Generate Pore Networking module was then applied to visualize the network between the
connected pore space. Different statistics including pore volume, pore equivalent radius, throat equivalent
radius, throat channel length, etc. from the labeled and separated pore space can be got. As is shown in
the figure, the pore spaces are treated as spherical and pore throats between connected pores were
represented by the cylindrical tubes.
(e) Distribution analysis
The pore size distribution of the sample can then be plotted or saved with the Distribution
Analysis module. In this study, the equivalent pore radius vs. cumulated pore volume and the throat
equivalent radius vs. summed channel length were saved for the further analysis.

6.2.1 The Volume-based Pore Throat Size Distribution from Nano-CT
The volume-based pore throat size distribution was first analyzed in this study to compare it with
the results measured by the MIP method. As aforementioned, the pore throats between the connected
pores are represented the cylindrical tubes, with the pore networking module, the equivalent diameter of
99

the cylindrical pore throat and the summed channel length for each equivalent diameter size bin can be
calculated. The accumulated volume for each throat size bin can be calculated as:
𝑉𝑡ℎ𝑟𝑜𝑎𝑡_𝑖 =

2
𝜋𝑑𝑡ℎ𝑟𝑜𝑎𝑡
_𝑖

4

∗ 𝐿𝑡ℎ𝑟𝑜𝑎𝑡_𝑖

(6-1)

where, V throat_i is the accumulated volume of the throat in ith size bin, dthroat _i is the equivalent diameter of
the throat in ith size bin, Lthroat_i is the sum of the channel length for all the throats in ith size bin. With the
accumulated volume for each size bin, the volume-based size distribution can be got.
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Figure 6.3 The volume-based size distribution of pore throats characterized by Nano-CT
Figure 6.3 shows the volume-based size distribution of the pore throat. 20 discrete size bins were
selected to cover the whole size range of the pore throat. It shows the mode pore throat size is between
17.7-21.1 µm. Gong et al. (2015) measured the pore throat size distributions of 12 wall flow filters with
the MIP and fit the average pore throat distribution with a log-normal distribution function. They fund the
mean pore throat size is about 18 µm. The volume-based pore throat size distribution analyzed by the
Nano-CT method matches with that by the MPI method shows our analyzing procedure for the Nano-CT
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raw image database are physically reasonable. The statistics information getting from Nano-CT now can
be used for the further analysis.

6.2.2 The Volume-based Pore Size Distribution from Nano-CT
The pore size distribution was analyzed then. In this study, the pore space was treated as the
spherical pore. The equivalent pore diameter is calculated as:
3

𝑑𝑝𝑜𝑟𝑒_𝑖 = √

6 ∗ 𝑉𝑝𝑜𝑟𝑒_𝑖
𝜋

(6-2)

where dpore_i is the equivalent pore diameter and the Vpore_i is the volume of the separated pores. With the
accumulated pore volume for each size bin evaluated from the software analysis, the volume-based pore
size distribution can be got.
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Figure 6.4 The volume-based pore size distribution characterized by the Nano-CT
Figure 6.4 shows the volume-based pore size distribution characterized by the Nano-CT. It can be
found, the mode pore size falls into the size bin of 54.9 µm. A similar mean pore size of 47 µm for the
bared GPF measured by the XRT was also reported by Seong et al. (2019). Note that, the mode pore size
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is more than twice of that for the pore throat size measured by the MIP (which is ~18 µm). The
discrepancy between the measured “pore” size distribution by the MIP and XRT was also reported in
other works (Giesche, 2006; Seong et al., 2019; Vaclavik et al., 2017) since the MIP evaluates the pore
throat size while the XRT measures the pore size. It is not uncommon that a narrow pore throat connects
two larger pores. Based on the measured pore size distribution, it can be expected that using the pore
throat size measured by the MIP in the filtration model as the pore size may introduce significant
uncertainty.

6.2.3 The Volume-based Collector Size Distribution from Nano-CT.
When using the “unit cell” model to predict the filtration efficiency of the wall flow filter, since it
is difficult to measure the collector size, the collector size is usually estimated from the pore size (Bensaid
et al., 2010; Gong et al., 2015; Konstandopoulos et al., 2000). Assuming pores in the porous substrate are
cylindrical, with the assumption that the overall surface area of the porous substrate is consistent with that
of the spherical “unit cell”, and the porosity of the “unit cell” equals to the porosity of the wall substrate,
the collector diameter can be calculated as (Tan et al., 2020):
3 1 − 𝜀0
) 𝑑𝑝𝑜𝑟𝑒_𝑖
𝑑𝑐0_𝑖 = (
2
𝜀0

(6-3)

where, dc0_i is the collector size for the clean filter, ε0 is the porosity of the wall substrate and dpore_i is the
pore size for the clean filter.
Usually, the pore size distribution measured by the MIP was used to calculate the corresponding
collector size distribution (Gong et al., 2015; Wang et al., 2020). However, as mentioned before, the MIP
method generally measures the pore throat size which usually underestimate the real pore size. Also, the
assumption that the pores are cylindrical behind equation (6-3) is contradicted with the concept of the
spherical “unit cell”.
In this study, the collector size was directly evaluated from the 3-D microstructure measured by
the Nano-CT. The aforementioned steps of (a) to (e) were repeated. The only difference is that for the step
(a), the auto threshold type was selected as auto threshold high which means the pore space was shown as
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black color while the material was shown as blue color. By this way, the previous pore size analysis can
be applied on the collector size analysis. The solid material was then separated into different objects, and
the network between the separated collectors was built. Assuming the collector is spherical as in the unitcell model, statistics such as equivalent collector diameter, accumulated collector volume for each
collector size can be got, and the volume-based collector size distribution can be plotted.
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Figure 6.5 The volume-based collector size distribution characterized by the Nano-CT
Figure 6.5 shows the volume-based collector size distribution characterized by the Nano-CT. It
can be found the mode collector diameter is between 63.3-68.5 µm. This collector size distribution can
then be compared with the commonly used collector size distribution converted from the pore throat size
distribution. With the initial porosity ε0 measured as 0.48 from the Nano-CT analysis, the converted
collector size can be calculated based on equation (2). For each size bin, assuming the number of
collectors equals to the number of pore throats, with the number-based pore throat size distribution from
the Nano-CT analysis (i.e., equivalent diameter vs count), the number-based size distribution of the
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converted collectors can be obtained. This number-based size distribution can then be transferred to the
volume-based size distribution as is shown in Figure 6.6
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Figure 6.6 The volume-based collector size distribution based on the pore throat size
From Figure 6.6, it can be found the mode collector size is about 36.8 µm which is much smaller
than the mode collector size directly evaluated from the Nano-CT analysis. Since there are a lot of
assumptions when converting the pore throat size to the collector size, and the pore throat size does not
represent the real pore size of the wall substrate, the volume-based collector size distribution from the
Nano-CT analysis is more trustable. We will use this volume-based collector size distribution to predict
the collection efficiency in the following section.

104

6.3 An improved Initial Filtration Model for Wall Flow Filters
6.3.1 Unit Cell Model Considering Volume-based Collector Size Distribution from NanoCT

Figure 6.7 Schematic representation of wall substrate considering the collector size distribution
The “unit cell” model considering the collector size distribution was utilized in this study to
predict the collection efficiency of clean wall flow filters. As is shown in Figure 6.7, since different
collector size (i.e., 20 collector size bins in this study) were considered in this filtration model, assuming
the porosity of cells are the same as that of the overall wall substrate, the flow distribution among cells
need to be considered. Assuming the flow through each cell is related to the flow resistance, the velocity
through cell i, Ui can be calculated as (Wang et al., 2020):
2
𝑑𝑐𝑖
̅
𝑈𝑖 = 𝑛
2 ∙𝑈
∑𝑖=1 𝑓𝑖 ∙ 𝑑𝑐𝑖

(6-4)

̅ is the average face velocity, fi is the volume fraction of cell i, since the
where dci is the collector size, 𝑈
porosity of all cells are the same as that for the wall substrate, the volume fraction of cell f i equals to the
volume fraction of the collector f ci .

105

For each collector, the collection efficiency due to diffusion (EDi), interception (E Ri ), and
impaction (E Ii ) are considered and can be calculated as:
𝜀0 1/3
𝐸𝐷𝑖 = 𝐶𝐷 ∙ 3.5 ( ) 𝑃𝑒𝑖−𝑥
𝐾

(6-5)

𝜀0
𝑅𝑖2
𝐾 ( 1 + 𝑅𝑖 ) 𝑚

(6-6)

𝐸𝑅𝑖 = 𝐶𝑅 ∙ 1.5

𝐸𝐼𝑖 = 𝐶𝐼

𝑆𝑡𝑘3𝑒𝑓𝑓_𝑖
(0.014 + 𝑆𝑡𝑘𝑒𝑓𝑓_𝑖 )3

(6-7)

where CD, CR and CI are constants that can be tuned. The definition of other parameters can be referred to
the section 5.1. Note that the order of the Peclet number was set as a tunable constant x in this model
since recent studies have found a power other than -2/3 (the value in the classical unit cell model) can
predict the collection efficiency of the ceramic based filter due to diffusion better (Long et al., 2009; Long
et al., 2010; Wang et al., 2020). The overall single collector efficiency can be calculated as:
𝐸𝑠𝑖 = 1 − (1 − 𝐸𝐷𝑖 )(1 − 𝐸𝑅𝑖 )(1 − 𝐸𝐼𝑖 )

(6-8)

Assuming the wall substrate homogeneously follows the collector size distribution everywhere,
based on the particle conservation (particles lost in the gas stream equals to particles deposited on the
collectors) in an infinitely thin medium, Wang et al. (2020) proposed the collection efficiency of the filter
media E can be calculated as:
𝐸 = 1 − 𝑒𝑥𝑝 [−

(1 − 𝜀0 )
2𝜀0

𝑛

(∑
𝑖=1

𝑈𝑖 𝑓𝑐𝑖 𝐸𝑠𝑖
) ∙ 𝑤]
̅ 𝑑𝑐𝑖
𝑈

(6-9)

where, w is the wall thickness.

6.3.2. 3-D Multiscale Model to Predict the Initial Filtration Efficiency
The general idea for the 3-D multiscale model is a pair of inlet and outlet channels are used to
represent the wall flow filers, and the flow field in the channel-scale is calculated first. Particles are then
randomly released from the inlet, and the position of each particle is continuously tracked. Once it enters

106

into the wall substrate, the aforementioned pore-scale filtration model considering the collector size
distribution is employed to calculate the mass deposition in the wall.

Figure 6.8 The schematic simulation domain and the boundary conditions
As is shown in Figure 6.8, due to the symmetric filter channel structure, to save the computational
time, the center portion of a pair of inlet and outlet channels was selected as the computational domain.
An upstream domain with length of 40 times of the channel width and a downstream domain with length
of 100 times of the channel length were also added to consider both the flow contraction and expansion.
For the boundary conditions, a uniform velocity was set at the inlet, and the pressure-outlet boundary
condition was set at the outlet. For the outer surface of the domain, the symmetry boundary condition was
set while for all the inner face, the interior boundary condition was selected to make sure the flow can
penetrate internal wall. The ANSYS ICEM was then used to generate the high-quality hexahedron meshes.
Since the velocity gradient is higher near the surface of the wall substrate, a mesh size bias was applied to
make sure a finer mesh near the wall and a coarser mesh near the channel axis. The wall substrate was
discretized into uniform meshes in the vertical direction. Also, finer meshes were set near the inlet and
outlet to better describe the flow contraction and expansion. A total number of 24500 computational
meshes were used in this study.
The commercialized computational fluid dynamics (CFD) software Fluent 19.0 was used to
calculate the flow field and track the particles. For the flow field, under the typical working conditions of
wall flow filters, the Reynolds number is less than 2000 which means the flow in the channel is laminar.
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Since the pressure drop under the normal working condition is relatively small, the flow is treated as
incompressible. Also, we assume the flow is in steady state. Due to the small volume fraction of particles
in this study, it is assumed the effect of particles on the flow field can be neglected. The Navier-stokes
equation contains the mass conservation and momentum conservation were solved as the governing
equations in Fluent:

𝜕𝑢 𝜕𝑣 𝜕𝑤
+
+
=0
𝜕𝑥 𝜕𝑦 𝜕𝑧

(6-10)
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In this study, the computational domain of the wall substrate is treated as porous zone. In Fluent,
cells in the porous zone are assigned an artificial pressure drop as the momentum sink. Ignoring the
inertial effect in the typical application of wall flow filters, the pressure drop can be calculated by the
Darcy’s law as:
∆𝑃 = 𝜇

𝑼𝑤
𝑘

(6-12)

where, U is the velocity vector, w is the wall thickness, and k is the permeability of the wall substrate. For
the wall substrate, the initial permeability was set based on the experimental data. Figure 6.9 shows the
comparation between the experimental data and the simulation results for pressure drops of the wall flow
filter under different inlet velocities. A permeability of 1×10-12 m2 was set in the model to match the
experimental data. Table 6.1 summarizes the simulation conditions in this study, the porosity is obtained
from the XRT characterization.
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Figure 6.9 Comparation between the experimental data and the simulation results for pressure drops under
different inlet velocities
Table 6.1 The summary of key parameters used in the 3-D model
Cell density

255 cells/inch2

Wall thickness (Ws )

0.3 mm

Length (L)

6 inches

Inlet velocity

0.5,1,2 m/s

Porosity of the wall

0.48

Permeability of the wall

1×10-12 m2

For the particle tracking, the discrete phase model (DPM) in Fluent is activated. We use the
Lagrangian method to determine the trajectory of particle. Forces exerted on a single particle are
accounted. In this study, only the drag force FD is considered since it dominates the motion of particles in
the narrow wall flow filter channel (Bensaid, Marchisio, Fino, et al., 2009). The motion equations of a
single particle in the fluid stream are given as:
𝑑𝑢𝑝
18𝜇
= 𝐹𝐷𝑥 = 2
(𝑢 − 𝑢 𝑝 )
𝑑𝑡
𝑑𝑝 𝜌𝑝 𝐶𝑐

109

𝑑𝑣𝑝
𝑑𝑡
𝑑𝑤𝑝
𝑑𝑡

= 𝐹𝐷𝑦 =

= 𝐹𝐷𝑧 =

18𝜇

(𝑣
𝑑𝑝2 𝜌𝑝 𝐶𝑐
18𝜇
𝑑𝑝2 𝜌𝑝 𝐶𝑐

− 𝑣𝑝 )

(6-13)

(𝑤 − 𝑤𝑝 )

By integrating the motion equation, the instantaneous velocity and position of a single particle
can be obtained. In this study, particles are randomly released from the inlet of the computational domain
with a user defined function (UDF) to avoid the possible effect of the particle release pattern on the
particle deposition.
For the initial filtration model, once the particle enters into the cell, with the customer made UDF,
the particle deposition in the wall is calculated based on the aforementioned pore-scale filtration model
considering the collector size distribution obtained from Nano-CT. The incoming velocity into the upper
surface of the wall substrate was treated as the through wall velocity, and the whole wall thickness was
employed to calculate the collection efficiency. Then the particle mass was updated by subtracting the
deposited mass, and the particle was continuously tracked with no further manipulation. Until the particle
enters into the outlet channel, the residual mass of the particle was recorded in a user define memory
(UDM) and the particle was then removed from the computational domain. When the particle release is
finished, the residual particle mass stored in the UDM can be summed up to get the total penetrated
particle mass, and the mass-based collection efficiency of the clean wall flow filter can be calculated.
Notice that, since we use one single particle size for each release, the mass-based size-dependent
collection efficiency is equal to the number-based size-dependent collection efficiency. To make sure the
calculated collection efficiency is independent with the number of particles released, after a try and error,
2000 particles are selected to be released from the inlet randomly. The inlet velocity of 0.5, 1, and 2 m/s
were set in the simulation, respectively. Under each inlet velocity, particles in the size of 30, 50, 75, 100,
150, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 nm were released separately to get the size
dependent collection efficiency for the clean filter. Note that, during this process, the constant CD, CR, CI,
and x need to be tuned to make the initial filtration model fit the experiment data better.
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6.3.3 Experiment for the Clean Wall Flow Filter Testing
Figure 6.10 shows the schematic diagram of the experiment setup used in this study. Particles in
the size range of 30-1000 nm were used to challenge the clean wall flow filter. For particles in the size
range of 30nm- 500nm, a customer-made collision automizer was used to generate the NaCl droplets with
the NaCl solution in 0.5% volume concentration. The droplets were then directed into the diffusion dryer
with silica gel to absorb the water to get the solid NaCl particles. The NaCl particles were then sent to the
scanning mobility particle sizer (SMPS), a laminar flow element was used to monitor the aerosol flow
entering into the SMPS and the excess aerosol flow was passed through the by-pass air line with a HEPA
filter and needle valve. The aerosol flow and the sheath flow were set as 0.5L/min and 5 L/min
respectively to guarantee an aerosol to sheath flow ratio of 1:10. By adjusting the applied voltage on the
differential mobility analyzer (DMA, TSI 3081), the particle in particular size can be selected. In this
study, particles in the diameter of 30, 50, 75, 100, 150, 200, 250, 300, 400, 500 nm were selected. The
selected particles were then passed through the neutralizer with the Po210 as the radiation source to get
particles in Boltzmann stationary charge distribution. A 4’’ T cross was used as the dilution chamber with
its two open ends connected to the HEPA filter. The ambient air entered into the cross through the HEPA
filter and dilute the aerosol stream. A perforated plate was placed in the outlet of the cross to laminarize
the aerosol flow. The diluted particle stream was then used to challenge the testing wall flow filter which
is sealed in a PVC tubing with the length of 6’’ and the inner diameter of 2.5’’. To avoid the effect of the
flow contraction and expansion on the measurement of pressure drop and particle concentration, the same
PVC tubing with the length of 20’’ and 10’’ were connected to the upstream and downstream of the wall
flow filter respectively. A condensation particle counter (CPC, TSI 3776) was used to measure the
particle number concentration with a sampling flow of 1.5 L/min. Two 90° elbow stainless steel sampling
tubes with an outer diameter of 0.25’’ were inserted into the pipeline, and the sampling point was right at
the center of the pipeline. A pressure transducer was utilized to monitor the pressure drop to make sure
there is no loading effect on the performance of the clean wall flow filter. At the downstream of the tested
filter, a HEPA filter was used to collect the penetrated particles. Two vacuum pumps were used to
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provide the air flow, and a laminar flow element was used the measure the total flow rate. By adjusting
the control valve in the make-up airline, the flow rate challenging the filter can be adjusted. In this study,
the fronting velocity through the circle cross-section of the filter monolith was selected as 0.5, 1 and 2m/s,
respectively. For the particle size in the range of 500-1000 nm, monodisperse polystyrene latex (PSL)
particles were used to challenge the wall flow filter after the atomization and drying process. An optical
particle sizer (OPS, TSI 3081) was used to measure the size distribution of particles at both upstream and
downstream of the filter. The number concentrations in the peak size bin were used to calculate the
number-based penetration efficiency. In this study, PSL particles in the diameter of 600, 700, 800, 900
and 1000 nm were utilized.

Figure 6.10 The schematic diagram of the experiment setup used for the clean wall flow filter testing

6.3.4 Comparison between the Simulation Results and Experimental Data
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Figure 6.11 Comparison between the collection efficiencies simulated by the pore-scale filtration model
considering the volume-based collector size distribution and the experimental data
Figure 6.11 shows the comparison between the collection efficiencies simulated by the pore-scale
filtration model considering the volume-based collector size distribution and the experimental data. It can
be found the size-dependent collection efficiencies predicted by the well-tuned pore-scale filtration model
match with the experiment data reasonably well. When tuning the constants, it was found changing the C I
had a minor effect on the overall collection efficiency curve. This can be expected since the inertial
impaction only plays a negligible effect in this case. Therefore, the CI was kept as 1. Also, the power of 1/3 for the Peclet number was found to best predict the experiment data. By this way, by only tuning the
left two constants CD and CR, the initial filtration model can predict the collection efficiency of the clean
filter for different particle sizes under different flow conditions.
The collection efficiencies predicted by the filtration model based on the mean pore size and the
volume-based pore throat size distribution obtained from the Nano-CT were also investigated. For the
former filtration model, the mean pore throat size (~18 µm) was utilized to represent a homogeneous
microstructure of the wall substrate, and the mean collector size was calculated by equation (5-7). In the
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later one, as reported by other researchers (Gong et al., 2015; Gong et al., 2017; Wang et al., 2020), the
volume-based pore throat size distribution from Nano-CT was utilized to represent the microstructure of
the wall substrate and the corresponded collector sizes are obtained from equation (6-3). In these two
cases, the classical unit cell filtration model was employed with the constants C D and CR set as 3.5 and 1.5,
and the power of Peclet number set as -2/3.
Figure 6.12 shows the comparison between the collection efficiency predicted by the classical
filtration model based on mean pore throat size and the experimental data. It can be found for the small
particles, the model overestimates the collection efficiency, while for the large particles, the model
underestimates it. The most penetration particle size (MPPS) of the simulation does not match it for the
experimental data.

Figure 6.12 Comparison between the collection efficiency predicted by the classical filtration model
based on mean pore throat size and the experimental data.
Figure 6.13 shows the comparison between the collection efficiency predicted by the classical
filtration model based on the volume-based pore throat size distribution and the experimental data. The
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similar trend was observed as in Figure 6.12. More, the discrepancy between the collection efficiencies
for large particles predicted by the model and those of the experiment data become even larger.

Figure 6.13 Comparison between the collection efficiency predicted by the classical filtration model
based on the volume-based pore throat size distribution and the experimental data.
In summary, the well-tuned “unit cell” filtration model considering the volume-based collector
size distribution base on Nano-CT measurement can be used to reasonably predict the collection
efficiency of the clean wall flow filter for different particle size under different flow rate.

6.4 Improved Depth Filtration Model for Wall Flow Filters Characterized by NanoCT
6.4.1 The Development of the Depth Filtration Model
For the GPFs, due to the low mass emission of the engine exhaust and the continuously passive
regeneration, there is a rare possibility to form the soot cake on the surface of the channel wall. During
most of the filter’s lifetime, it works under the depth filtration period when particles deposit into the wall
substrate and change both the microstructure of the wall and the macroscopic filtration characteristics. It
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is thus essential to build a dynamic filtration model to investigate the performance of the wall flow filter
during depth filtration.

Figure 6.14 Flow chart of the dynamic filtration model to simulate the depth filtration
In this study, the 3-D multiscale model introduced in section 6.3.2 was used to simulate the depth
filtration process. Figure 6.14 shows the flow chart about this dynamic filtration model. With the initial
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inlet velocity set at the inlet, the flow field was first calculated by solving the Navier-Stokes equation, and
the pressure drop was checked to make sure it is not higher than the preset limited value. Then the
particles were released at the inlet randomly with the user define function (UDF1). In this study, 2000
particles in the same size are randomly released at the inlet each time. To save the simulation time and
computational capacity, in this study, each particle released at the inlet did not represent only a single
particle, but a “particle stream” contains thousands of the same particles. By this way, releasing one
“particle stream” at certain position is equal to releasing a single particle at that position for thousands of
times. The random particle releasing pattern and the high enough number of “particle streams” released
from the inlet make this simplification physically reasonable. Once the particle is released, its trajectory is
continuously monitored by another UDF (UDF2). In this study, the wall substrate was discretized into
many slabs along both the direction perpendicular to the wall and the direction parallel to the wall. Each
slab is assumed to virtually contain collectors following the predefined volume-based collector size
distribution. When the particle enters into the discretized slabs, the particle mass deposition is calculated
based on the previously obtained well-tuned “unit cell” filtration model. Note that, in this study, only the
same size particles are released which means the deposited particle mass can be easily converted to the
particle number, and the mass-base collection efficiency equals to the number base collection efficiency.
With the deposited particle mass subtracted from its original mass, the particle continues penetrating
through the wall substrate. When the particle entered into the next wall slab, the mass deposition is then
calculated based on the current particle mass. With the particle penetrating through the wall substrate, the
particle mass will be distributed to a series of wall slabs until all its mass is deposited in the wall substrate
or the particle with some residual mass penetrates into the outlet channel. For the later case, the residual
mass of the penetrated particle will be saved in the user define memory (UDM) to calculate the
penetration efficiency, and the particle will be removed from the computational domain. When all the
particles finish their penetration through the wall substrate, the property of the wall substrate (i.e.,
porosity, permeability, collector size distribution) will be updated, and the instantaneous collection
efficiency is written into the file with a UDF (UDF3). Then the flow field is recalculated, and the pressure
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drop is recoded. After that, the next particle stream will be released again. This simulation loop will
continue until the predefined releasing times is met or the pressure drop is higher than the preset limited
value. A scheme file is written to automatically control the simulation loop.
In fact, the microstructure change of the wall substrate is due to the particle deposition on the
collectors contained in the unit cells. When using the mean collector size to represent the wall substrate,
the deposited particle mass will be evenly distributed to each collector which is easy to be understood.
However, in our study, the heterogeneous wall structure is considered, and the wall substrate contains
collectors in different sizes following the predefined volume-based collector size distribution. It is more
complex to distribute the deposited particle mass to each collector reasonably and is thus necessary to
introduce more details about how to simulate the increase of collectors in different size bins.
When the particle enters into the first slab on the upper surface of the wall, a partition coefficient
∅t is defined to determine the fraction of mass collected on the surface of this first discretized slab that
contributes to the cake formation. When use the mean pore size to represent the microstructure of the
wall, it can be estimated as (Konstandopoulos et al., 2000):
2 − 𝑑2
𝑑𝑐𝑡
𝑐0
(
)
∅𝑡 =
2
(𝜑𝑏 )2 − 𝑑𝑐0

(6-14)

here, dct is the time dependent mean collector diameter, φ is a dimensionless percolation control constant
determining the maximum collector size that can be reached before the end of deep bed filtration. A value
of 0.95 is selected in our study according to Gong et al. (2017). b is the maximum collector size which
can be calculated based on the initial collector size and the initial porosity as:

𝑏=

𝑑𝑐0
(1 − 𝜀0 )1/3

(6-15)

When considering the collector size distribution in the filter, the effect of different collector size
on this partition coefficient needs to be considered. Assuming collectors in different sizes work
independently, we have:
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2
2
𝑑𝑐𝑖_𝑡
− 𝑑𝑐𝑖_0
∅𝑖_𝑡 = (
2 )
(𝜑𝑏 𝑖 )2 − 𝑑𝑐𝑖_0

(6-16)

For a given cross-section of the filter perpendicular to the flow direction, assuming Ai is the
cross-section area of the unit cell i vertical to the flow direction, and Atotal is the total cross section air of
all the unit cells, according to Dullien (2012):
𝐴𝑖
𝐴𝑡𝑜𝑡𝑎𝑙

=

𝑉𝑖
𝑉𝑡𝑜𝑡𝑎𝑙

= 𝑓𝑐𝑒𝑙𝑙 𝑖 = 𝑓𝑖

(6-17)

where, Vi is the volume of unit cell i and Vtotal is the total volume, fcelli is the volume fraction of uint cell
which is equal to the volume fraction of collector f i .
Based on the flow distribution in different unit cells, the overall partition coefficient can be
calculated as:
𝑛

𝑛

𝑛

𝑖=1

𝑖=1

𝑖=1

∅𝑖_𝑡 ∙ 𝑈𝑖_𝑡 ∙ 𝐴𝑖 ∙ 𝐶
𝑈𝑖_𝑡 𝐴𝑖
𝑓𝑖 ∙ 𝑑 2
∅𝑡 = ∑ ̅̅̅
= ∑ ∅𝑖_𝑡 ∙ ̅̅̅ ∙
= ∑ ∅𝑖_𝑡 ∙ 𝑛 𝑐𝑖 2
∑𝑖=1 𝑓𝑖 𝑑𝑐𝑖
𝑈𝑡 ∙ 𝐴𝑡𝑜𝑡𝑎𝑙 ∙ 𝐶
𝑈𝑡 𝐴𝑡𝑜𝑡𝑎𝑙

(6-18)

where, C is the concentration of particles. With this partition coefficient, only (1-∅t) times of the original
particles entered into the first slab and continue its deposition in the following slabs.
When the particle entered into the wall slab, the total collection efficiency of that slab was first
calculated based on well-tuned unit cell filtration model, to distribute the particle mass deposition into
each single collectors, the mass of the total deposition was first distributed to the different collector size
bins, with the collector numbers in each size bin known, the mass deposition for each collector can be
calculated and the collector size can be updated accordingly. This pore scale collector size increase is
mainly used to update our “unit cell” filtration model in this study. While for the flow field, the slab scale
(or wall scale) porosity and permeability were updated according to the overall deposition of particles in
that slab. More details about each manipulation are introduced as follows.
(a) Overall particle mass deposition in the slab
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The previously developed well-tuned “unit cell” filtration model considering the collector size
distribution is extended to this model to calculate the time dependent single collector efficiency Esi_t for
collectors in the ith size bin. From equation (6-9), the time dependent collection efficiency for each
discretized slab E slab_t can be calculated as:
𝑖=𝑛

3 ∗ (1 − 𝜀𝑠𝑙𝑎𝑏_𝑡 )
𝑈𝑖_𝑡
𝐸𝑠𝑖_𝑡
(∑
) ∙ ℎ𝑠𝑙𝑎𝑏 ]
𝐸𝑠𝑙𝑎𝑏_𝑡 = 1 − 𝑒𝑥𝑝[−
𝑓
𝑖_𝑡
̅̅̅
2𝜀𝑠𝑙𝑎𝑏_𝑡
𝑈𝑡
𝑑𝑐𝑖_𝑡
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𝑖=1

where, n is the number of the collector size bin (20 in this case), εslab is the porosity of the computation
slab, hslab is the thickness of the computation slab in the flow direction. Note that the subscript t means the
parameter is time dependent.
(b) Mass deposition in ith size bin
Once the total deposition in the slab was obtained, those deposition will be distributed to each
size bin. The penetration through each slab Pslab_t can be calculated as:
𝑖=𝑛

3 ∗ (1 − 𝜀𝑠𝑙𝑎𝑏_𝑡 )
𝑈𝑖_𝑡
𝐸𝑠𝑖_𝑡
(∑
) ∙ ℎ𝑠𝑙𝑎𝑏 ]
𝑃𝑠𝑙𝑎𝑏_𝑡 = 1 − 𝐸𝑠𝑙𝑎𝑏_𝑡 = 𝑒𝑥𝑝[−
𝑓
𝑖_𝑡
̅̅̅
2𝜀𝑠𝑙𝑎𝑏_𝑡
𝑈𝑡
𝑑𝑐𝑖_𝑡
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𝑖=1

differentiate the slab penetration Pslab_t from the thickness of the slab, we can get:
𝑖=𝑛

𝑑𝑃𝑠𝑙𝑎𝑏_𝑡
3 ∗ (1 − 𝜀𝑠𝑙𝑎𝑏_𝑡 )
𝑈𝑖_𝑡
𝐸𝑠𝑖_𝑡
(∑
) ∙ 𝑃𝑠𝑙𝑎𝑏_𝑡
=−
𝑓
𝑖_𝑡
̅̅̅
𝑑ℎ𝑠𝑙𝑎𝑏
2𝜀𝑠𝑙𝑎𝑏_𝑡
𝑈𝑡
𝑑𝑐𝑖_𝑡
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𝑖=1

assuming the differentiation of the slab penetration from the slab thickness equals to the sum of the
differentiation of the penetration of each size bin PBIN_i_t from the slab thickness, we have:
𝑑𝑃𝐵𝐼𝑁_𝑖_𝑡
3 ∗ (1 − 𝜀𝑠𝑙𝑎𝑏_𝑡 ) 𝑈𝑖_𝑡
𝐸𝑠𝑖_𝑡
=−
∙ ̅̅̅ 𝑓𝑖_𝑡
∙𝑃
𝑑ℎ𝑠𝑙𝑎𝑏
2𝜀𝑠𝑙𝑎𝑏_𝑡
𝑈𝑡
𝑑𝑐𝑖_𝑡 𝑠𝑙𝑎𝑏_𝑡
integrate this equation over hslab , we can get the penetration due to the ith size bin:
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𝑈𝑖_𝑡
𝐸
𝑓𝑖_𝑡 𝑑𝑠𝑖_𝑡
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𝑈𝑡
𝑐𝑖_𝑡
𝑃𝐵𝐼𝑁_𝑖_𝑡 =
𝑈
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∑𝑖=𝑛
𝑓
𝑖=1 ̅̅̅
𝑈𝑡 𝑖_𝑡 𝑑𝑐𝑖_𝑡
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similarly, the collection efficiency due to the ith size bin E BIN_i_t can be calculated as:
𝑈𝑖 𝑡 𝐸𝑠𝑖 𝑡
𝑓
̅̅̅
𝑈𝑡 𝑖𝑡 𝑑𝑐𝑖 𝑡
𝐸𝐵𝐼𝑁_𝑖_𝑡 =
𝑈𝑖 𝑡 𝐸𝑠𝑖 𝑡 ∙ 𝐸𝑠𝑙𝑎𝑏_𝑡
∑𝑖=𝑛
𝑓
𝑖=1 ̅̅̅
𝑈𝑡 𝑖 𝑡 𝑑𝑐𝑖 𝑡
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the mass deposition in each size bin mBIN_i_t then can be calculated as:
𝑚𝐵𝐼𝑁_𝑖_𝑡 = 𝐸𝐵𝐼𝑁_𝑖_𝑡 ∙ 𝑚𝑝_𝑡

(6-26)

where, mp_t is the mass of the particles entering into the slab.
(c) Property update for por-scale single unit cell
With the collector number Ni in the ith size bin, the mass deposition in single unit cell mi, the
updated collector size dci_t , and the time-dependent cell porosity εi_t can be calculated as:

𝑚𝑖 = 𝑚𝐵𝐼𝑁_𝑖_𝑡 /𝑁𝑖 = 𝑚𝐵𝐼𝑁_𝑖_𝑡 / (

𝑉𝑠𝑙𝑎𝑏 (1− 𝜀0 ) ∙ 𝑓𝑖0
)
𝜋 3
𝑑
𝑐𝑖0
6
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3

𝜀𝑖_𝑡

𝑑𝑐𝑖_𝑡
) ∗ (1 − 𝜀𝑖 0 )
= 1− (
𝑑𝑐𝑖 0
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where, Vslab is the volume of the slab,ε0 is the initial wall porosity, fi0 is the initial volume fraction of ith
size bin, dci0 is the initial collector size in ith size bin, ρP is the density of the particle, εi0 is the initial unit
cell porosity.
Assuming the number of collectors in each size bin does not change during the depth filtration,
the updated volume fraction of ith size bin can be calculated as:
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𝑓𝑖_𝑡 =

𝑁𝑖 ∙ 𝑑𝑐𝑖_𝑡
∙ 𝑑𝑐𝑖_𝑡

(6-30)

∑𝑛𝑖=1 𝑁𝑖

(d) Property update for the slab
The porosity of the slab can be updated with the accumulated particle deposition in the slab
mdepositon and the slab volume Vslab as:
𝜀𝑠𝑙𝑎𝑏_𝑡 = 𝜀𝑠𝑙𝑎𝑏0 −

𝑚𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛
𝜌𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑙𝑎𝑦𝑒𝑟 𝑉𝑠𝑙𝑎𝑏
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The density of the deposition layer needs to be tuned according to the experiment data.
The resistance of the slab with particle deposition can be treated as the sum of the resistance due
to the clean slab and the resistance due to the particle deposition, C1 and C2 are tunable constants.
1
𝑘𝑠𝑙𝑎𝑏_𝑡

= 𝐶1

1
𝑘𝑠𝑙𝑎𝑏0

+ 𝐶2

1
𝑘𝑑𝑒𝑝_𝑡
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the permeability of the particle deposition is calculated according to Ergun equation ignoring the inertial
term.
2

𝑘𝑑𝑒𝑝_𝑡 = 150 ∗

(1 − 𝜀𝑑𝑒𝑝_𝑡 )
3
𝜀𝑑𝑒𝑝_𝑡
∙ 𝑑𝑝2
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Note that, all these equations are built in our customer made UDFs and all the processing
parameters used in these equations are saved in the UDMs to be easily updated. In this way the
microstructure change can be simulated, and the dynamic filtration model was successfully developed.
Finally, the time-dependent collection efficiency and pressure drops obtained during the simulation can be
calibrated with the experiment data.

6.4.2 Experiment Study of the Depth Filtration with Monodisperse Particles
Figure 6.15 shows the schematic diagram of the experiment setup for the depth filtration of wall
flow filters. Comparing with the experiment setup used in the performance study of clean wall flow filter,
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the SMPS platform was replaced by the DMA column, and all the flow and voltage control were
conducted externally to increase the flexibility of the particle selection system. Two DMA columns were
used to increase the concentration of the DMA classified particles. For each DMA, the aerosol flow was
controlled as 2 L/min. An air line with HEPA filter and mass flow meter (TSI,4100) was used to supply
the sheath flow. In this study, the sheath flow was set as 12 L/min. A vacuum pump was used to extract
the excess flow. The HEPA filter was added to collect the particles and a critical orifice was used to make
sure the excess flow is 12 L/min. A high voltage was add on the central rod of the DMA by connecting it
to a DC power supply, and the outer column of the DMA was grounded. By adjusting the applied voltage,
particle with different sizes can be selected. A laminar flow element was used to monitor the aerosol flow
out of the DMA, since the sheath flow equals to the excess flow, the aerosol flow out of the DMA equal
to the flow enter into the DMA and should be 2 L/min in this study. The particle streams out of these two
DMAs were passed through another neutralizer with the radioactive source of Po210 and then used to
challenge the wall flow filter. As is shown in the figure, the measurement portion of this setup is the same
as that in the study of clean wall flow filter for the particle size range of 30-500 nm. A UCPC (TSI, 3776)
was used to measure the particle number concentrations both upstream and downstream. The sampling
flow rate was set as 1.5 L/min and the sampling time was 2 min. The particle number concentration was
measured every half hour. The pressure drops of the wall flow filter during loading were recorded each
second through the data acquisition card (DAQ). All the data were saved in the computer. In this study,
the 200nm DMA classified NaCl particles were selected to load the filter since the MPPS is near this
particle size according to the testing for the clean wall flow filter. With the upstream particle
concentration and the collection efficiency measured during this process, correlations between the
pressure drop, collection efficiency and the particle mass deposition can be obtained. The wall flow filter
was loaded until there is a significantly increase of the collection efficiency and pressure drop.
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Figure 6.15 Schematic diagram of the experiment setup for the depth filtration of wall flow filters

6.4.3 Comparation between the Simulation and the Experimental Data
Figure 6.16 shows the comparation between the simulation results and the experimental data for
the depth filtration with 200 nm monodisperse NaCl particles. Reasonable agreement between the model
prediction and experimental data is obtained for both the pressure drop and number-based particle
collection efficiency.
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Figure 6.16 Comparation of (a) pressure drop and (b) collection efficiency between the simulation results
and the experimental data for the depth filtration with 200 nm monodisperse NaCl particles
Also, to identify whether the model can predict the microstructure change of the wall, the
porosity, and the collector size distribution across the cross-section of the wall substrate after simulation
was further checked.
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Figure 6.17 shows the resistance distribution across the cross-section of the wall substrate. The
initial value of the resistance was set as 1×1012 m-2. Based on the contour plot, it can be found the
resistance increased significantly near the surface of the inlet channel, while the resistance near the outlet
surface and in the center of the wall substrate did not increase that significantly. Since more particles were
deposited in the upper surface of the inlet channel, this resistance distribution could be expected. Figure
6.18 shows the increase of collector size for the selected size bin across the cross-section. The initial size
of this size bin is 65.8 um, after the simulation, it can be found from the contour plot that collectors near
the inlet channel surface grow up more significant due to more particle deposition, while the collector size
does not change in the center of the wall since there is seldom particle stream passing this region due to
the high resistance. With this multiscale depth filtration model considering the collector size distribution
successfully developed, we can use it to do a series of parametric study (such as the effect of collector
size distribution on the performance of the wall flow filter, the effect of channel shape on the filter
performance) to optimize the design of the wall flow filters.

Figure 6.17 Contour plot for the resistance distribution across the cross-section of the wall substrate after
simulation
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Figure 6.18 Contour plot for the change of collector size (for selected size bin of 68.5 um ) across the
cross-section of the wall substrate after simulation

6.5 Summary
The 3-D microstructure of a small piece of wall substrate from the wall flow filters was
characterized using the Nano-CT. Avizo software was used to reconstruction the 3-D microstructure
based on the 2-D tomography images. Statistics about the pores and collectors were analyzed. It was
found the volume-base pore throat size distribution match with that measured by MIP very well. However,
pore throat size distribution cannot be used to represent the real pore size distribution which is much
larger. The volume-based collector size distribution obtained from Nano-CT was compared with that
calculated from the pore throat size distribution. It was found the collector size converted from the pore
throat size distribution are smaller than that obtained from Nano-CT. Considering the many assumptions
behind the collector size calculation, the directly analyzed collector size distribution is thought more
trustable.
The volume-based collector size distribution obtained from Nano-CT was then considered in the
classical “unit cell” filtration model. A 3-D multi-scale (channel scale + pore scale) model employing this
filtration model was built with Fluent to predict the collection efficiency of the clean wall flow filter. The
size-dependent collection efficiency of the wall flow filter was measured in the size range of 30-1000nm
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with DMA classified NaCl particles or PSL particles under the fronting flow rate of 0.5, 1, and 2 m/s. The
experimental data was then used to calibrate the unit cell filtration model considering the volume-based
collector size distribution. By tuning the constants in the equations of single collector efficiency due to
diffusion and interception and setting the order of Peclet number in the diffusion efficiency calculation as
-1/3, the model can reasonably predict the experimental data. Besides, it was found the classical “unit cell”
model cannot predict the experiment data when the mean pore size and the volume-based pore throat size
distribution were employed.
Finally, this initial filtration model was extended to the dynamic filtration model to describe the
depth filtration of wall flow filters. For the depth filtration model, the wall substrate was discretized into
different slabs. Each discretized slab was assumed to follow the predefined volume-based collector size
distribution, and the well-tuned “unit cell” model was used to calculate the particle deposition in the slab.
With the help of user defined function (UDF) and the user define memory (UDM), the mass deposition
was distributed to each collector and the microstructure change in pore scale can be well captured. Also,
the instantaneous pressure drops, and collection efficiency during depth filtration can be obtained with
this model. Besides, the depth filtration experiment was conducted with 200nm DMA classified particles
to calibrate the model. It is proved that the model can reasonably predict the experiment data. With this
depth filter model tool in hand, parametric study can be conducted to optimize the design of wall flow
filters.
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Chapter 7 Optimization of wall flow filters design
7.1 Introduction
Previous study about the optimization design of wall flow filter usually focuses on optimizing the
cell density, the cross section shape of the filter channel while no study has been done about optimizing
the channel design along the channel length direction. In this study, a new channel design with a
changeable cross section area along the channel length was proposed. Two kinds of wall flow filter, one
with convergent inlet and divergent outlet, the other with divergent inlet and convergent outlet were
designed to investigate their performance under clean and different loading conditions numerically. The
performance of these proposed wall flow filter was then compared with that of the traditional symmetric
wall flow filter with constant channel cross-section area.

7.2 Design of the Wall Flow Filters with Convergent/ Divergent Channel Shape
For the clean wall flow filter, the channel friction and the porous wall resistance contribute to the
major parts of the filter’s pressure drops. With the requirement of the filtration efficiency and the thermal
stability of the wall substrate, the wall cannot be set too thin. For a relatively fixed wall thickness, though
people can reduce the pressure drop due to the porous wall by increasing the cell density to get a higher
filtration area and lower through wall velocity, the pressure drop due to the channel friction will also
increase. Thus it is reported that there is an optimal cell density for the wall flow filter to balance the
pressure drop due to the channel friction and the porous wall (Konstandopoulos et al., 1999). However, no
one has tried to reduce the channel friction by changing the cross section of the channel along the channel
length.
In this study, a wall flow filter with convergent inlet channel and divergent outlet channel was
first proposed. As is shown in Figure 7.1, the cross-section shape of the channel is still kept as square,
while its cross-section area is set larger at the inlet and reduced along the channel length. On the contrary,
for the outlet channel, from the bottom to the open end, its cross-section area gradually increases. Both a
commonly used cell density of 255 cpsi (cells/inch2) and a high cell density of 400 cpsi were selected to
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compare the effect of the channel shape on the pressure drop of filter with different cell density. The
thickness of the wall is set as 13 mil (1mil = 0.001 inch), and the length of the channel is 6 inches for both
cases. For convergent ratio defined as the ratio between the side length of the largest square cross-section
(WL) and the side length of the smallest square cross-section (WS), due to the limit of surrounded
channels, is is set as WL/WS = 1.59 to enlarge the effect of the change of channel cross-section area on the
performance of the wall flow filter. Following the similar idea, wall flow filter with the divergent inlet
channel and convergent outlet channel was also proposed. The cell density, wall thickness, channel length,
and the convergent ratio are all kept the same. As a reference, wall flow filter with constant cross-section
area along the channel length and the same cell density, wall thickness, channel length was also selected
to be investigated. Assuming the side length for this standard wall flow filter as W, not that, the sum of
WL and WS is kept as 2W to guarantee the almost same filtration area for different channel designs.

Figure 7.1 Demonstration of wall flow filter with convergent inlet channel and divergent outlet channel.

7.3 3-D model to Investigate the Performance of Filter with Different Channel
Design under Different Loading Conditions
Once the channel design was proposed, the performance of the wall flow filter was investigated
numerically under different loading conditions. In this study, loading conditions of soot-only, ash-only,
and soot + ash were considered.
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As is shown in the Figure 7.2, take the standard wall flow filter as example, for the soot-only
loading condition, the soot is assumed uniformly deposited in the inlet channel since study has shown
soot deposition moves forward to a uniform deposition with the loading continuing (Bensaid, Marchisio,
Russo, et al., 2009). For the ash-only loading condition, the ash is assumed to be deposited at the bottom
of the inlet channel to simplify the problem. Also, experiment study has shown the ash is more willing to
be deposited at the bottom of the inlet channel to generate an ash plug (Liati et al., 2010). For the soot +
ash loading conditions, the ash is deposited at the bottom of the channel to generate an ash plug and the
soot is uniformly distributed along the available channel length. Two loading mass are selected for both
the soot and ash, and the densities for both the soot and ash are set according to Wang et al. (2018). With
the loading mass and density, the volume of the soot and ash can be calculated and the computational
domains for both the soot and as can be confirmed under different loading conditions. The permeability of
the soot and ash are chosen based on the range reported by Konstandopoulos et al. (2000). Table 7.1
shows the properties of the soot and ash used in this study. In this study, six loading conditions including
soot-light, soot-heavy, ash-light, ash-heavy, soot + ash-light, soot + ash-heavy are considered.

Figure 7.2 Demonstration of loading conditions including soot-only, ash-only and soot & ash
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Table 7.1 Properties of the soot and ash used in this study
Loading mass
soot

ash

density

2g/L (light),
6g/L (heavy)

90kg/m

3

30g/L (light)
60g/L (heavy)

Permeability

300kg/m

3

2E-14 m

3E-14 m

2

2

A pair of inlet channel and outlet channel was selected to represent the whole wall flow filter, due
to the symmetric geometry of all the channel design, only the center portion of the inlet and outlet channel
was selected as the computational domain. Taking the wall flow filter with convergent inlet channel and
divergent outlet channel as example, Figure 7.3 demonstrates the 3-D model built in this study. An
upstream domain with a length of 20 times the channel width, and a downstream domain with a length of
40 times the channel width was added before and after the wall flow filter. In this study, a velocity of
3m/s which is the typical flow rate of the pipeline exhaust was assigned at the inlet, and the pressureoutlet boundary condition was set at the outlet. For all the outer surface, the symmetry boundary condition
was set while for all the inner surfaces, the interior wall was set. The ICEM ANSYS was used to generate
the hexahedral mesh. As is shown in Figure 7.4, a finer meshes was added at the interface between the air
flow domain and the wall domain, soot domain due to the high velocity gradient there. Also, fine mesh
was added at the begin and end of the channel to better simulate the flow contraction and expansion.
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Figure 7.3 Demonstration of the 3-D model built in this study to simulate the performance of the
proposed filter designs

Figure 7.4 Demonstration of the mesh generated by ICEM
The Navier-stokes equation which already has been described in section 6.3.2 was solved as the
governing equation. The wall substrate, soot and ash and the plug domain were set as the porous zone. In
Fluent, porous media are modeled by the addition of momentum source term to the standard fluid flow
equations. Since the Reynolds number of the channel flow for the wall flow filter usually smaller than
2000 which fall into the laminar flow region. The momentum sink (pressure drop) can be calculated by
the Darcy’s law as:
𝜇
∇𝑃 = − 𝑼
𝑘

(7-1)

where U is the velocity vector, k is the permeability which can be manually input into the fluent. The
permeability for the soot and ash can be find from Table 7.1 , and the permeability of the wall substrate is
selected as 5×10-13 m2 which is in the typical permeability range of the wall flow filters. The plug
permeability was set as three order lower than the wall substrate making it almost nonpermeable for the
flow. The flow field of the wall flow filter with different channel design under different loading condition
were calculated.
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7.4 The Effect of Channel Shape on the Pressure Drop and through Wall Velocity
under Different Loading Conditions.
In this section, the effect of the channel shape on the pressure drop and through wall velocity
profile under different loading condition were identified.
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Figure 7.5 Comparation between the pressure drops for different channel design under different loading
conditions when the cell density is 255 cpsi
Figure 7.5 shows the comparation between the pressure drops for different channel design under
different loading conditions when the cell density is 255 cpsi. Here, legend “square” means the standard
wall flow filter with constant square cross section, legend “convergent” means wall flow filters with
convergent inlet channel and divergent outlet channel, and legend “divergent” means wall flow filters
with divergent inlet channel and convergent outlet channel. For convenience, we just use standard filter,
convergent filter, and divergent filter to refer these wall flow filters. To better identify the relationship
between pressure drops under different conditions, the pressure drops of the standard filter under different
working conditions was selected as the reference, and the relative differences between the pressure drops
of the convergent and divergent filters with the reference value under different loading conditions were
calculated and shown in Figure 7.6.
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Figure 7.6 The relative difference between the pressure drops of the convergent and divergent filters with
that of standard filter under different loading conditions when the cell density is 255 cpsi
It can be found the at current cell density of 255 cpsi, the convergent filter generally shows a
smaller pressure drop compared with that of the standard filter when the ash and soot did not coexist or
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there isn’t too much ash loaded at the bottom, this pressure drop advantage become minor when more
soot was deposited in the channel, or there is ash accumulated in the bottom of the channel. When both
the ash and soot deposited in the convergent filter, its pressure drop are higher than that for the standard
filter. While for the convergent filter, in the contrast, except there is much ash deposited at the bottom of
the inlet channel, its pressure drop will always be much higher than that for the standard filter. To try to
explain these observations, the profile of the through wall velocity along the cannel length for differ ent
channel design under different loading conditions were further identified. The through wall velocity at the
centerline was selected to represent the mean through wall velocity.
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Figure 7.7 Through wall velocity profile along the channel length for different channel design under
different loading conditions for the cell density of 255 cpsi
Figure 7.7 shows the through wall velocity profile along the channel length for different channel
design under different loading condition. It can be found, when the filter is clean, the convergent filter
owns a more uniform through wall velocity which means the filtration area are made the best use by the
filter contributing to a smaller pressure drop. When the soot was built on the surface of the wall, the
through-wall velocity profile became more uniform for the square filter, and the difference between the
pressure drop of convergent filter and that of the standard square filter became smaller. When there was
much ash loaded at the bottom of the inlet channel, more channel length was plugged for the convergent
filter leading to a smaller filtration area, a higher through wall velocity and a thicker soot layer. The
pressure drops of the convergent filter thus became larger. Also, note that from Figure 7.7 (d), with the
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light ash leading to a higher through wall velocity for the convergent filter, its pressure drop is still lower
than that of the standard filter. This means the convergent filter also has a smaller channel friction. For the
divergent filter, from Figure 7.7 (e), for the heavy ash loaded case, even though the divergent filter owns a
much lower and more uniform through wall velocity profile, its pressure drop is still a little bit higher
than that of the standard filter demonstrating its high channel friction. Due to its high channel friction plus
the nonuniform through wall velocity, the divergent filters always have a higher pressure drop than the
standard one. Only for the case of heavy soot and heavy ash loading, with the large cross section area at
the bottom of its inlet channel, the clogging length of the filter channel due to ash loading is the smallest
leading to the highest filtration area, lowest through wall velocity, and a thinner soot loading, and thus a
smaller pressure drop compared with others.
(2) cell density of 400 cpsi
Figure 7.8 shows the comparation between the pressure drops for different channel design under
different loading conditions when the cell density is set as 400 cpsi.
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Figure 7.8 Comparation between the pressure drops for different channel design under different loading
conditions when the cell density is 400 cpsi.
Also, the relative differences between the pressure drops of the convergent and divergent filters
with that of the standard filter under the different loading conditions were calculated and shown in Figure
7.9. The similar trend can be found when the cell density was increased up to 400 cpsi. Besides, the
advantage of the convergent filter under the clean and non-ash loading conditions is more obvious, while
the disadvantage of the divergent filter is also more straightforward. When the cell density increases, due
to the decrease of the filtration velocity, the pressure drop due to the porous wall decreases leading to the
increase contribution of the channel friction on the overall pressure drops of the filter. From previous
analysis we can find the convergent channel generally owns a smaller channel friction, and the divergent
channel owns a larger one. This may explain the aforementioned observation.
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Figure 7.9 The relative difference between the pressure drops of the convergent and divergent filters with
that of standard filter under different loading conditions when the cell density is 400 cpsi

The profile of the through wall velocity along the channel length was also identified as is shown
in Figure 7.10. It can be observed for the clean and light soot loading conditions, the convergent filter
always owns a relative uniform through wall profile since it owns a small channel friction, and the
pressure drop due to the wall play a relative important role which can flatten the profile of the through
wall velocity. While when comparing the through wall velocity profiles with those when the cell density
is 255 cpsi, it can be found, the through wall velocity profile become more nonuniform due to the more
contribution of channel friction to the overall pressure drops especially under the light loaded conditions.
In summary, the convergent filter proposed in this study owns a smaller pressure drop under the
clean and light loaded conditions due to the smaller channel friction and a more uniform through wall
velocity profile along the channel length compared with wall flow filter owning a constant channel cross
section area keeping all other parameter the same (i.e, cell density, wall thickness, channel length,
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filtration area). This advantage will be more obvious when the channel friction dominates the filter
pressure drop.
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Figure 7.10 Through wall velocity profile along the channel length for different channel design under
different loading conditions for the cell density of 400 cpsi

7.5 Summary
In this study, a new channel design with a changeable cross section area along the channel length
was proposed. Wall flow filter with convergent inlet channel and divergent outlet channel (named as
convergent filter) and wall flow filter with divergent inlet channel and convergent outlet channel (named
as divergent filter) were designed to be numerically investigated. The pressure drops and through wall
velocity profile of the proposed filter design were investigated under different loading conditions
including soot-only, ash-only and soot + ash by the 3-D model with FLUENT. Two mass depositions of
both soot and ash were selected leading to a total of 6 loading conditions. A standard wall flow filter with
constant channel cross-section area was also investigated under the same loading conditions as the
reference providing all these filters own the same cell density, wall thickness, channel length, and almost
the same initial filtration area. Two cell densities of 255 cpsi and 400 cpsi were selected to see the cell
density effect on the performance of these filter designs.
It was found under the clean or light loading conditions, the convergent filter owns a lower
pressure drops and a more uniform through-wall velocity along the channel length compared with wall
flow filters with standard square channel. Since the wall thickness are the same and the filtration area are
almost same without ash loading, the lower pressure drop is attributed to (1) the lower channel friction,
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and (2) the best use of all the filtration area. When ash is loaded at the bottom of the channel, due to the
small cross-section at the bottom of the channel, the channel can be significantly clogged leading to a
lower filtration area, higher through wall velocity, thicker soot layer, and thus a higher pressure drop
compared with the regular wall flow filter. When the cell density is increased to 400 cpsi, under the clean
and light loading conditions, the advantage of the convergent filter is more obvious. This is because under
the high cell density, the channel friction dominates the pressure drop of wall flow. The divergent filter is
found owning a higher pressure drop due to its high channel friction and nonuniform through-wall
velocity except when the heavy ash and heavy soot are loaded in the filter. This study shows the
convergent wall flow filter may be a good choice for the GPFs since the filter usually works under the
lightly loaded condition, and the convergent wall flow filter own the advantage to reduce the pressure
drop.
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Chapter 8 Dissertation Accomplishment and Recommendations for
Future Work
8.1 Summary of Accomplishments
In this dissertation, the performance of respirator filter media and wall flow filters was studied. In
the part of respirator filter media study, the performance of clean filter media including mechanical and
electret filter media was investigated under the inhalation-exhalation flow conditions. To ease the
shortage of N95 respirators due to the COVID-19 pandemic, multi-layer composite media made up of
basic electret media were proposed to match the efficiency of N95 respirators, and the effect of particle
charge distribution change on the collection efficiency of multi-layer electret media was demonstrated.
Also, the performance of electret respirator media during light loading under the simulated breathing
conditions was investigated. For wall flow filter study part, the microstructure of the wall substrate was
characterized with Nano-CT first. The obtained volume-based collector size distribution was utilized to
improve the unit cell filtration model to predict the performance of clean wall flow filter. This model was
then used to develop the depth filtration model. Also, the performance of wall flow filters with
changeable channel cross-section area along channel length was numerically studied under different
loading conditions. The detailed accomplishments of each part of the study are summarized as follows:

8.1.1 Performance Study of Clean Respirator Filter Media
For the respirator filter media performance under oscillation flow conditions, both mechanical
filter media, made of glass fiber, and electret filter media was evaluated under the cyclic flow conditions
in this study. The flowrate cycle in the sinusoidal profile were selected to represent the cyclic flow. To
investigate the effects of particle size, flow rate and oscillating frequency on the particle penetration of
filter media, DMA-classified DEHS particles of 30, 50, 100 and 150nm were generated and cyclic flow
conditions with ASFR of 6.4 and 25.6 L/min and three frequencies of 6, 24, 40 min -1 were employed in
this study. For the reference, the particle penetration under the constant flow rates of 6.4 and 25.6 L/min
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were also measured. The experimental data shows that for all the tested filter media, the penetration at a
given particle size increased with the increase of flow oscillating frequency. It is possibly because of the
increase of flow acceleration. For the flow oscillating frequency of 24 and 40 min -1, the particle
penetration of test filter media under cyclic flow conditions was in general higher than under the
corresponding constant-flow conditions. The ratio of penetration under cyclic flow conditions to it under
corresponding constant-flow conditions was further calculated to indicate the penetration enhancement
due to the cyclic flow. For all test filter media, the penetration ratio was generally higher in small particle
size range (i.e., 30nm and 50nm in this study) as compared to those in the large particle size range (i.e.,
100 and 150 nm in this study). It infers that the flow oscillation affects the filter capturing particles by
diffusion more than other particle-capture mechanisms. When the ASFR was increased to 25.6 L/min, the
penetration ratio slightly decreased with the increase of particle size in majority of cases and remained
almost constant in some cases. The effect of flow oscillation on the particle penetration was reduced as
the increase of ASFR because of the decreased residence time of particles in the filter media. For the
same reason, the particle penetration of filter media increased with the increase of ASFR for all the tested
particle sizes. By the single fiber theory, the apparent single-fiber efficiency for media A and B under the
cyclic flow condition was lastly identified for small particles. The particle penetration of the tested
mechanical filter media A and B for smaller particles under cyclic flow conditions could be calculated by
the single fiber theory.
For the performance study of multilayer composite media, the strategy of using multiple layers of
basic filtration media to construct a composite filter with a particle collection efficiency comparable to
that of N95 FFRs (as an alternative media for N95 respirators) has been investigated. The basic filtration
media selected in this study were face mask media and MERV13 furnace filter media. Our data shows
that composite filters made of double/triple layers of face mask media can provide a comparable
collection efficiency to a N95 FFR, especially for particles larger than 100 nm. Although the collection
efficiency of the composite filter with three layers of furnace filter media was less than that of the N95
respirator sample for particles less than 100 nm in size, the three-layered composite filter was able to
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provide a comparable collection efficiency for particles larger than 100 nm in diameter. The composite
filter with five layers of furnace filter media could provide a collection efficiency like that of N95
respirator media in the test particle size range. Moreover, the composite samples of multi-layered face
mask media had the lowest FOM, while the sample of multi-layered furnace media offered the highest
FOM. The use of composite filters composed of multiple layers of basic furnace filter media is therefore
the preferred option as an alternative media for a N95 respirator, given the current N95 respirator shortage.
The discrepancy between the measured and the calculated filtration efficiencies of a composite
form of multiple electret medium layers was founded in this study when challenging the filter media with
particles in Boltzmann stationary charge distribution. It was identified the discrepancy is due to the
change of particle charge distribution during the filtration process. It is thus concluded that the particle
charge distribution must be considered when predicting the collection efficiency of the composite electret
media. Owing to the difficulty in directly measuring the surface charge density of electret medium fibers,
researchers typically obtain an estimate by comparing the calculated filtration efficiency (derived with an
existing model) with observational data in the literature. Our findings suggest that such estimates should
also factor in the charge distribution of the particles. For the sake of simplicity, the filtration data for
either neutral or single-charged particles may be applied.

8.1.2 Evaluation of Respirator Media under Light Loading
In this study, the performance of electret filter media used for the respirators under the light
loading process was investigated. The sinusoidal oscillating flow with the exhaled moisture was utilized
to simulate the human’s inhalation and exhalation. Sinusoidal flow without the exhaled moisture and
constant flow of the MIF with different RH settings were also employed to be compared with the
simulated human breath condition. The effect of the oscillating frequency, RHs (for the constant flow
conditions) and the particle size effect on the performance of filter media during the loading was
investigated.
It was observed that the increase of the pressure drop due to the particle deposition shows a
general order as: constant flow rate (RH of 20%) > sinusoidal flow without the exhaled moisture
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(RH=20%) > sinusoidal flow with exhaled moisture for both the fine particles and the coarse particles.
Without the moisture vapor, the flow oscillation can slow down the increase of the pressure drops
compared with the loading under constant flow rate, and this effect is more obvious for the case of high
oscillating frequency. However, with the existence of the moisture vapor, the pressure drops increase
much more slowly, and the frequency effect on the pressure drop increase is eliminated. The pressure
drop profiles under the constant loading with well controlled RHs were investigated to try to see whether
it can be used to represent the profile under the simulated human’s breathing conditions. It was found, the
same as previous finding, the increase of the pressure drop will be slower with the increase of the RHs
(lower than the deliquescence points). By increase the relative humidity up to 70%, the profile of the
pressure drops under constant flow condition is similar as that under the simulated human’s breathing.
For the mass-based collection efficiency, for all the testing conditions in this study, the increase of the
pressure drops due to particle deposition is accompanied by the more or less increase of the mass-based
collection efficiency. There is no decrease of collection efficiency being observed which may be related
to the compact structure of the filter media selected in this study.
This study shows when investigating the performance of electret respirator filter media during the
loading, the flow pattern, humidity, exhaled moisture, frequency of the oscillation flow, and particle size
must be carefully selected since all these factors may have an effect on the testing results.

8.1.3 An Improved Filtration Model for wall flow filters: From Initial to Depth Filtration
The 3-D microstructure of a small piece of wall substrate from the wall flow filters was
characterized using the Nano-CT. Avizo software was used to reconstruction the 3-D microstructure
based on the 2-D tomography images. Statistics about the pores and collectors were analyzed. It was
found the volume-base pore throat size distribution match with that measured by MIP very well. However,
pore throat size distribution cannot be used to represent the real pore size distribution which is much
larger. The volume-based collector size distribution obtained from Nano-CT was compared with that
calculated from the pore throat size distribution. It was found the collector size converted from the pore
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throat size distribution are smaller than that obtained from Nano-CT. Considering the many assumptions
behind the collector size calculation, the directly analyzed collector size distribution is thought more
trustable.
The volume-based collector size distribution obtained from XRT was then considered in the
classical “unit cell” filtration model. A 3-D multi-scale (channel scale + pore scale) model employing this
filtration model was built with Fluent to predict the collection efficiency of the clean wall flow filter. The
size-dependent collection efficiency of the wall flow filter was measured in the size range of 30-1000nm
with DMA classified NaCl particles or PSL particles under the fronting flow rate of 0.5, 1, and 2 m/s. The
experimental data was then used to calibrate the unit cell filtration model considering the volume-based
collector size distribution. By tuning the constants in the equations of single collector efficiency due to
diffusion and interception and setting the order of Peclet number in the diffusion efficiency calculation as
-1/3, the model can reasonably predict the experimental data. Besides, it was found the classical “unit cell”
model cannot predict the experiment data when the mean pore size and the volume-based pore throat size
distribution were employed.
Finally, this initial filtration model was extended to the dynamic filtration model to describe the
depth filtration of wall flow filters. For the depth filtration model, the wall substrate was discretized into
different slabs. Each discretized slab was assumed to follow the predefined volume-based collector size
distribution, and the well-tuned “unit cell” model was used to calculate the particle deposition in the slab.
With the help of user defined function (UDF) and the user define memory (UDM), the mass deposition
was distributed to each collector, and the microstructure change in pore scale can be well captured. Also,
the instantaneous pressure drops, and collection efficiency during depth filtration can be obtained with
this model. Besides, the depth filtration experiment was conducted with 200nm DMA classified particles
to calibrate the model. It is proved that the model can reasonably predict the experiment data. With this
depth filter model tool in hand, parametric study can be conducted to optimize the design of wall flow
filters.
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8.1.4 Optimization of Wall Flow Filters Design
A new channel design with a changeable cross section area along the channel length was
proposed. Wall flow filter with convergent inlet channel and divergent outlet channel (named as
convergent filter) and wall flow filter with divergent inlet channel and convergent outlet channel (named
as divergent filter) were designed to be numerically investigated. The pressure drops and through wall
velocity profile of the proposed filter design were investigated under different loading conditions
including soot-only, ash-only and soot + ash by the 3-D model with FLUENT. Two mass depositions of
both soot and ash were selected leading to a total of 6 loading conditions. A standard wall flow filter with
unchangeable cross-section area was also investigated under the same loading conditions as the reference
providing all these filters own the same cell density, wall thickness, channel length, and almost the same
initial filtration area. Two cell densities of 255 cpsi and 400 cpsi were selected to see the cell density
effect on the performance of these filter designs.
It was found under the clean or light loading conditions, the convergent filter owns a lower
pressure drops and a more uniform through-wall velocity along the channel length compared with wall
flow filters with constant channel cross-section area. Since the wall thickness are the same and the
filtration area are almost same without ash loading, the lower pressure drop is attributed to (1) the lower
channel friction and (2) the best use of all the filtration area. When ash is loaded at the bottom of the
channel, due to the small cross-section at the bottom of the channel, the channel can be significantly
clogged leading to a lower filtration area, higher through wall velocity, thicker soot layer, and thus a
higher pressure drop compared with the regular wall flow filter. When the cell density is increased to
400 cpsi, under the clean and light loading conditions, the advantage of the convergent filter is more
obvious. This is because under the high cell density, the channel friction dominates the pressure drop of
wall flow. The divergent filter was found always owning a higher pressure drop due to its high channel
friction and nonuniform through-wall velocity except when the heavy ash and heavy soot were loaded in
the filter. This study shows the convergent wall flow filter may be a good choice for the GPFs since the
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filter usually works under the lightly loaded condition, and the convergent wall flow filter owns the
advantage to reduce the pressure drop.

8.2 Recommendations for Future Research
For the testing of respirator filter media under oscillation flow condition, we currently use the
average particle concentration in one cycle to calculate the apparent collection efficiency. While the
instantaneous collection efficiency at each moment still cannot be exactly measured due to the limitation
of CPC. Also, when using the CPC to measure the particle concentration, the unavoidable constant
sampling flow rate at the downstream of the filter media will change the flow pattern which may have an
unknown effect on the filter media testing. To solve this problem, two future research directions are
recommended, one is to use the numerical model to investigate the filter media performance under the
oscillating flow since there is no practical limit in modeling. The other is to use the particle measuring
system with no need for the sampling flow to conduct the in-situ measurement. For example, the particle
image velocimetry (PIV) system or other light-scattering based instruments may be used to identify the
instantaneous particle concentration both at the upstream and downstream. Also, fluorescent material may
be used to generate the particles to make the instantaneous measurement easier.
For the wall flow filter study, until now, most researchers use the sphere collector to represent the
wall substrate. This idea is similar as using the single fiber to represent the fibrous media. However, for
the fibrous media, since its porosity is very high (~ 90%), there is a lot of space between fibers, and each
fiber can be approximately regarded as working independently. For the wall flow filter, its porosity is
relatively low (~50%), there is less space between the tortuous collectors. The idea that representing the
wall flow filter with the standard spherical collectors and each collector works independently may be too
idealistic for this case. In fact, particle deposition in the wall flow filter is highly related to the channel
flow in the porous wall, since the constricted tube unit cell model represent the channel structure, it may
be more suitable to be used to represent the wall substrate. Besides, the directly measured pore throat size
is more suitable to be correlated with the constricted tube. Also, as mentioned by Yang et al. (2018), the
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constricted tube unit cell model owns more geometry variables compared with spherical collector model
which may provide an extra flexibility when modeling the complex porous wall. A future study
recommendation for the wall flow filter is to extend the unit cell model to other unit cell representations
like constricted tube unit cell model.
Also, with our dynamic filtration model available, a series of parametric study can be conducted
to investigate, for example, the effect of collector size distribution, porosity distribution, permeability
distribution and channel shape on the filter performance. This parametric study can provide a useful
guidance on the GPF optimization.
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Abstract
With the desire to have a particulate maters (PM) network for collecting air quality data in high
spatial resolution, cost-effective (or so called low-cost) PM sensors have been applied to monitor the PM
concentration due to their low costs and compact sizes. In this work, the effect of relative humidity, RH,
on the readouts of five light-scattering-based PM sensors were investigated by using particles composed
of different hydroscopic materials and comparing the readouts with those measured by Tapered Element
Oscillating Microbalance (TEOM). It was found the RH has various effects on the readouts of PM sensors,
highly depending on the hydroscopic property of particles. Negligible RH effect on the PM sensors’
readouts was observed for hydrophobic particles while significant increase in the readouts was observed
for hydroscopic particles at the RH setting higher than the deliquescence relative humidity, DRH, of
particle materials. For particles in the binary components, the effect of the mixture deliquescence on the
sensor readouts depends on the hygroscopicity of composite materials (e.g., NaCl + Glucose; NaCl + OA;
NaCl + K2SO4). In the case of NaCl + OA, the water uptake of resultant NaCl + OA particles is less than
that of pure NaCl and OA (due to the possible formation of less hygroscopic di-sodium oxalate, Na2 C2 O4,
in particles). The readouts of PM sensors were also influenced by the mixing status of particles, i.e.,
internally vs. externally mixed. The correlation slopes for different PM sensors were compared. More, the
sampling misalignment was found affecting the readouts of some PM sensors. It is thus suggested to
calibrate PM sensors using field particles under the application environments for getting PM data in good
quality (assuming that the seasonal change of field RH, and the size distribution and composition of field
particles is minor).

Keywords: Relative humidity; Cost-effective (or low cost) PM sensors; Hygroscopic particles; Binary
component particles; Sampling misalignment
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1. Introduction
Airborne Particulate Matter (PM) is a mixture of particles (in both solid and liquid) suspended in
air that often varies in the size distribution and chemical composition in space and time. Various
chemicals have been identified in atmospheric PM. Among these chemicals, the most common
constituents include inorganic ions (e.g., sulfates, nitrates, ammonium, sodium, potassium, calcium,
magnesium and chloride), elemental and organic carbons, organic compounds (e.g., polycyclic aromatic
hydrocarbons, PAH), biological compounds (e.g., endotoxin, cell fragments) and crustal material and
metals (e.g., cadmium, copper, nickel, vanadium and zinc) (Brook et al., 2004; Kim et al., 2015). Based
on the generation routes, PM can be divided as the primary PM emitted directly into the atmosphere and
the secondary PM generated through physicochemical transformation of gaseous precursors. The sources
of PM can be both natural and anthropogenic including volcanoes, dust storms, forest fires, living
vegetation, sea spray, road dust, vehicle emission, fuel combustion, and industrial and agriculture
activities. The PM in the Atmosphere may change the cloud coverage, decrease the visibility, and have a
complex effect on the climate change (Hansen et al., 2001; Jacobson, 2002; Potter et al., 2003). Studies
have found both the long-term chronic PM exposure and the acute increase of ambient PM would increase
the cardiovascular morbidity and mortality, aggravate the respiratory symptoms, and increase the lung
cancer mortality (Dockery et al., 1993; Dominici et al., 2006; Gent et al., 2009; Pope et al., 2004). With
the consideration of the adverse effect of the PM exposure on both the human health and environment,
many countries and regions have released their standards to regulate the ambient mass concentration of
both PM2.5 and PM10. For examples, the US Environment Protection Agency (EPA) released the
National Ambient Air Quality Standard (NAAQS, 40 CFR part 50) setting a 24-hour average mass
concentration upper limit of 35 µg/m 3 and 150 µg/m3 for PM2.5 and PM10, respectively. In Europe, an
annual average upper limit of 25 µg/m 3 and a 24-hour average upper limit of 50 µg/m 3 are set for PM2.5
and PM10 , respectively, under the new air quality directive (The Directive 2008/50/EC of the Eur opean
Parliament and of the European Council on ambient air quality and cleaner air for Europe). In China, the
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Grade-I 24-hour PM2.5 and PM10 average mass concentration upper limit are set as 35 µg/m 3 and 50 µg/m3,
respectively (based on the National Ambient Air Quality Standard, NAAQS, GB3095-2012). The mass
concentration of PM is assessed by the reference methods. In the United States, either federal reference
method (FRM) or federal equivalent methods (FEMs), defined in the 40 CFR 53, are recommended. The
mass concentration measured by the FRM/FEMs is generally in a high accuracy. However, due to the
high cost and laborious maintenance, the instruments for FRM/FEMs are typically only utilized in the
monitoring stations required by the standards. The PM exposure data at the small community and
personal levels are typically interpolated from the data collected by the above standard PM network.
Because of the sparse distribution of the standard PM stations in space, the accuracy of the interpolated
PM exposure-especially for residents in heavy traffic cities, and local communities in close proximity to
high traffic highways-is often in question.
Cost-effective (or so called low-cost) PM sensors have been recently utilized to build up an air
quality monitoring network to collect the PM data in a high spatial resolution. For examples, Gao et al.
(2015) used seven portable PM sensors (i.e., Shinyei PPD42NS) to measure the spatiotemporal variation
of PM2.5 in Xi’an, China. They found the sensors were able to identify the potential PM2.5 hotspot. Snik et
al. (2014) distributed more than 8,000 smartphone spectropolarimeters in the Netherlands to obtain the
maps of aerosol property in high spatiotemporal resolution. The aerosol optical thickness (AOT) maps
derived from the spectro-polarimetric measurement were in good agreement with those derived from the
satellite images and ground-based precision photometry with a high spatial resolution.
The performance of cost-effective PM sensors has been widely investigated in the literatures.
Holstius et al. (2014) did the field calibration of the low-cost sensors (Shinyei PPD42NS) using the 1h
and 24h data measured by FEMs and research instruments, and a good linear correlation between both
datasets was observed. Wang et al. (2015) evaluated three cost-effective PM sensors (Shinyei PPD42NS,
Samyoung DSM501S, and Sharp GP2Y1010AU0F) in the laboratory setting. They found all the sensors
demonstrated high linearity against the portable PM meters in the concentration range of 0-1000 μg/m3,
and the sensors’ performance was dependent on the particle size and composition. Sousan et al (2016)
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evaluated the performance of two low-cost sensors (i.e., Alphasense OPC-N2 and PAS-1.108) using salt
particles, welding fume and ARD dust. The counting efficiency of both sensors as a function of particle
sizes was also evaluated using PSL particles. Good linear correlations between the readouts of each
sensor and reference instruments were found. Liu et al. (2017) calibrated four cost-effective PM sensors
(Shinyei PPD42NS, Samyoung DSM501A, Sharp GP2Y1010AU0F, and Oneair CP-15-A4) using the
lab-generated particles to investigate the effect of particle size distribution and composition on the
readouts of the PM sensors. The Tapered Element Oscillation Microscope (TEOM; Thermal Scientific
Model 1405) was selected as the reference instrument for the particle mass concentration measurement.
They found the increase of the mean particle size and the standard deviation of particle size distributions
resulted in an increase on the readouts of the PM sensors. Kelly et al. (2017) tested the PM sensor (PMS
1003/3003) both in the wind tunnel and under the ambient environment. They concluded the sensor’s
readouts linearly correlated with the data collected by FRM, FEMs and research instruments in both
settings. All these previous studies serve as the evidence that cost-effective PM sensors could be applied
to map the PM concentration in a high spatial and temporal resolution, but they are required to be
calibrated well and periodically. It is because various factors could influence the readouts of costeffective PM sensors.
The relative humidity (RH) is an important factor among all the factors affecting the readouts of
cost-effective PM sensors. For particles made of the hygroscopic material, they will take up water until all
the solid is dissolved in water and become droplets, which is called deliquescence when the ambient RH
is equal to or higher than its deliquescence relative humidity (DRH or critical relative humidity, CRH).
The hygroscopic growth of particles due to the water uptake would affect the readout of PM sensors.
More, under a high RH condition, the water moisture may condense on the circuit boards of cost-effective
PM sensors if they are not well protected, causing undesired bridging across electronic components and
the performance failure of the circuit boards (Jayaratne et al., 2018; Wang et al., 2015). Some studies
have been published regarding the RH effect on the performance of cost-effective PM sensors. Holstius et
al. (2014) reported negligible RH effect on the performance of the low-cost sensor (Shinyei PPD42NS)
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when they did the field calibration with the RH value ranging from 10% to 60%. No higher RH condition
was encountered during the above field calibration. Wang et al. (2015) calibrated three PM sensors
(Shinyei PPD42NS, Samyoung DSM501A and Sharp GP2Y1010AU0F) using the lab generated NaCl
particles at the RH of 20%, 67%, 75% and 90%. They observed the outputs of the sensors first increased,
and then decreased as the RH increased. Note that, in the above study, the referenced mass concentration
of test particles was derived from the size distribution measured by a Scanning Mobility Particle Sizer
(SMPS), which may amplify the measurement errors when converting the number-based size distribution
measured by a SMPS to the mass-based size distribution. Further, the sensors of Shinyei PPD42NS and
Samyoung DSM501A utilize the natural convention, with the temperature field created by heating a
resister near the sensor inlet, to sample ambient particles. The elevated temperature in the sensors is
expected to reduce the RH of sampled particle stream compared with the ambient RH. Han et al. (2017)
investigated the effect of RH on the ratio of the mass concentrations measured by the PM sensor (Dylos
DC 1700) to the research instrument (Grimm 11-R) in the ambient environment. They concluded when
the RH was higher than 60%, the PM sensor overestimated the referenced PM mass concentration.
Jayaratne et al. (2018) investigated the influence of humidity on the performance of the cost-effective PM
sensors (Plantower PMS1003) in both the laboratory and ambient settings. They observed a significant
readout increase at the RH above 75%. Crilley et al. (2018) also found the cost-effective sensor
(Alphasense OPC-N2) demonstrated a significant increase of PM mass concentration when the RH value
was higher than 85% in the field study.
While works have been reported regarding the RH effect on the readouts of cost-effective PM
sensors in both laboratory and ambient settings, the use of pure NaCl particles in the lab calibration
oversimplifies particles in the ambient. The field calibration of PM sensors makes it difficult to generalize
the gained knowledge for their applications in different environments. Various measurement issues also
arise in the selected reference instruments whose working principles are not directly related to the mass
concentration of particles. In this work, five cost-effective PM sensors, popularly used in the field
applications (by our literature survey), were selected. An experimental setup with the RH control feature
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was put together to calibrate the selected PM sensors under the RH setting up to 85%. The sensor
readouts for particles in different hygroscopicity were first studied under various RH conditions. Particles
in different binary compositions (i.e., internally mixed), which simulate ambient particles, were also
prepared, and the sensor readouts for these bi-component particles were examined under different RH
settings. The performance of PM sensors was further compared using both internally and externally
mixed particles (while keeping the volumetric percentage of particles constant). The slopes of the
correlation lines between the readouts of the selected PM sensors and those of the reference instrument
were then compared under different RHs. In addition to the RH effect, the effect of the sampling
misalignment on the readouts of selected PM sensors was lastly investigated.

2. PM Sensors and Experiments
2.1 Selected cost-effective PM Sensors
Five cost-effective PM sensors, i.e., Luftmy LD12, Luftmy LD16, Nova SDS018, Sensirion
SPS30 and Alphasense OPC-N2, are selected for this study. Table 1 shows the specification of selected
cost-effective PM sensors. The working principles of these PM sensors are all based on the light
scattering, i.e., the intensity of the scattered light when single/multiple particles intercept a beam of the
laser light is measured by a photodetector. The detected optical signal is then correlated to the PM mass
concentration. PM sensors included in this study can be classified into two groups: one is using the single
particle technique (e.g., optical particle counters, OPCs) and the other is based multiple particle technique
(e.g., photometers). For an OPC, the sizes and number of particles are one-by-one characterized by
measuring the intensity peak of light scattered by a single particle and counting the number of particles
with the sizes in the pre-defined size bins, respectively. To realize the above operation, particles are
focused into a narrow beam, enabling them to individually pass through the OPC’s sensing volume
(defined by the aerosol flow and optical arrangement). The light intensity peak of a sensed particle is
converted to the particle size (based on a calibration curve, established typically by PSL particles). The
above-sensed particle is then placed in one of the pre-defined size bins based on the converted size. After
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measuring particles for a period, i.e., sampling time), the number concentration of sensed particles in each
size bin is calculated from the number of particles counted, sampling flowrate and time. The mass
concentration of particles is later derived by assuming particles are in spherical shape and given density.
Unlike a particle beam applied in a typical OPC, the sensor OPC-N2 uses an elliptical mirror and a dualelement photodetector to define a ‘virtual sensing volume’ for characterizing each particle passing
through the volume (i.e., not all the particles are passed through the sensing volume). Particles are
assumed to be uniform across the cross-section of particle transport channel, where the sensing volume is.
In a photometer, particles to be detected could be either focused in a beam or distributed or not. The light
intensity scattered by an ensemble of particles intercepting with an illuminating laser light is partially
collected, depending on the optical design in a photometer. The collected light intensity is then correlated
to the mass concentration of particles by a built-in calibration curve. The calibration curves are obtained
by the correlation of scattered light signals to the mass concentration of test particles (measured by
reference instruments). Because large particles scatter more light photons than small ones, the collected
light signal is typically dominated by larger particles in photometers. In addition to the optical property of
particle material, the built-in calibration curves are thus dependent on the size distribution of particles.
Significant discrepancy between the readouts of photometer-type PM sensors and actual particle mass
concentration is expected if the size distribution and material of sampled particles are very different from
those of calibration particles. Algorithms for converting the collected signals to the mass and even
number concentrations of particles require the assumptions on the functional forms of size distribution
and optical property (i.e., refractive index) of particles. Notice that the readouts of photometers are
independent of the sampling flowrates due to the nature of multiple particle characterization. All other
PM sensors (except OPC-N2) selected in this study are in the photometer type. Unfortunately, the data
conversion algorithms in these PM sensors are claimed as the proprietary information by the vendors.
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Table 1. Specifications of cost-effective PM sensors selected in this study.
Selected Cost-effective PM Sensors
LD12

LD16

SDS018

SPS30

OPC-N2

Type

Nephelometer

Nephelometer

Nephelometer

Nephelometer

OPC

Size (mm)

42×35×23

47×37×12

59×45×20

41×41×12

75×63×60

Sampling method

Active

Active

Active

Active

Active

Wavelength (nm)

650

650

650

660

658

Scattering angle

90°

90°

90°

90°

30°

0.1-10 *

0.1-10 *

0.3-10

0.3-10

0.38-17

6

6

-

5

16

1000

1000

1000

1000

Detectable size range
(μm)
Number of Size Bins
Max Concentration
(μg/m3)
Communication

PWM,

Interface

UART8

PWM, UART8

PM1, 2.5,10,

PM1, 2.5, 10,

(counts/0.1L)

(counts/0.1L)

Sampling interval

1s

1s

Weight

~24 g

~ 26 g

Output value

PM2.5: 999.9
PM10:1999.9
PWM, UART8

Only particles larger than 0.3 µm were counted.
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USB 2.0,
ISP(Mode 1)

PM1, 2.5, 4,10,

PM1, 2.5, 10,

(counts/0.1L)

(counts/0.1L)

1s

1s

1-5 s

~29 g

26 g

<105 g

PM2.5, 10

*

UART8, I 2C

Figure. 1 Schematic layouts of selected cost-effective PM sensors: (a) LD12, (b) LD16, (c) SDS018, (d)
SPS30, (e) OPC-N2.
The schematics of selected PM sensors, illustrating the optical arrangement and particle transport
passage inside the sensors, are given in Fig. 1. The solid lines in each layout represent the opening on the
sensor’s cover and the dotted dash lines are the borderlines of the transport passage and space occupied
by particles. An injection-molded plastic chamber (in black) is utilized to house the particle transport
passages, light source and photodetector, sampling fan and circuit board. No filter is applied before the
sampling fan for the simplicity and cost reduction. The basic optical arrangement of a light scattering
sensor consists of a light source for illuminating particles and a photodetector for measuring the intensity
of photons scattered from single/multiple particles. A laser is utilized as the light source for all the
selected PM sensors. The wavelength of the light is ~ 650 nm for the sensors of LD12, LD16, SDS018
according to the vendor (not shown in the user manuals), and ~ 660 and 658 nm for the sensors of SPS30
and OPC-N2, respectively, from their user manuals. Compared with infrared light-emitting diodes (LED),
the wavelength spectrum of lights emitted from laser diodes is narrower. A solid-state photoelectric
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transducer is applied as the photon intensity detector. The “sensing volume” of a PM sensor is defined by
the intersection between the optical path of the illuminating light and the particle stream. The optical
arrangement of the light source and photodetector window is either in the 30° or 90° angle for the selected
PM sensors. For the selected photometer-type PM sensors, only particles moving in a fraction of the
transport passage cross-section are measured because the sensing volumes of sensors are not large enough
to cover the entire cross-section of particle transport passage.
By small fans, the active sampling is utilized to drive the aerosol flow into all the selected PM
sensors. In contrast, the passive sampling of particles is accomplished by the gradient temperature field
attributed to the electrical heating of a resistor near the sensor’s inlet. Examples of cost-effective PM
sensors using passive particle sampling are sensors of Shinyei PPD42NS and Samyoung DSM501A,
which are not included in this study. In general, sensors with the active sampling are more responsive to
the change of the particle concentration than the ones with the passive sampling. For the sensor of OPCN2 (Fig. 1e), particles enter the sensor via the sampling inlet on the front cover, directly pass through the
sensor’s sensing volume (without passing through a winded transport channel), and exit the sensor from
the opening on the back cover. For PM sensors of LD12, SDS018 and SPS30 (Fig. 1a, 1c and 1-D),
particles are required to make a 90° turn once entered the sensors and pass through a winded transport
passage prior to reaching the sensors’ sensing volumes. Significant particle loss might occur during the
particle transport to the sensing volume of the sensors, particularly for large particles. Much more winded
aerosol transport is included in the sensor LD16 (Fig. 1b), particles enter the inlet on the back cover of the
sensor, pass through the narrow spacing defined by the circuit board and the back cover (without the
circuit board protection from the moisture), penetrate through the hole on the circuit board to reach the
particle transport passage designed on the other side of the circuit board, and eventually reach the sensor’s
sensing volume. The winded aerosol transport design with multiple turns may lead to a significant particle
loss, and the circuit board corrosion due to the presence of moisture in the sampled flow may also occur
in this sensor once it is used in the ambient for a long time period. For sensors of LD16 and SPS30, the
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sampling inlet and outlet are located on the same side cover of the sensor. The flow shortcut between the
inlet and outlet needs to be avoided when using these sensors.
For the sensors of LD12 and LD16, detected particles are classified into 6 size bins ranging from
0.3-10 µm, and the mass concentration readouts include PM1.0 , PM2.5 and PM10 . Note that the vendor
claims the lower detection limit particle size for these sensors is 0.1 µm while particles less than 0.3 µm
in sizes are not counted. The counting efficiencies for particles in the size of 0.1 µm, 0.3 µm and 0.5 µm
are 35%, 70% and 99% respectively (according to the user manuals). For the sensor of SPS30, 6 size bins
ranging from 0.3-10 µm and the mass concentration of PM1.0, PM2.5, PM4 and PM10 are employed. No
detection efficiency was reported by the manufacturer. For these sensors of LD12, LD16 and SPS30, it is
unclear how the signals are converted into the number and mass concentrations of particles (because it is
claimed as the proprietary information by vendors). For the sensor of Nova SDS018, only the mass
concentration of PM2.5 and PM10 are reported. The time duration in the high and low signal thresholds is
converted to the particle mass concentration by the formula provided by the vendor. For the sensor of
OPC-N2, particles pass through the virtual sensing volume individually and the scattered photon intensity
of each detected particle is measured and converted to the particle size assuming the particle is spherical,
and a default refractive index of 1.5+i0. Particles are classified into 16 size bins ranging from 0.38 to 17
µm. The number-based size distribution of particles is obtained by measuring particles in each period
with the sampling flowrate of 220 ml/min. The mass concentration of particles is then derived from the
measured number-based size distribution with the default particle density of 1.65 g/cm3. The mass
concentration outputs include PM1 , PM2.5 and PM10 . For the PM sensor OPC-N2, Sousan et al. (2016)
measured its counting efficiency for PSL particles of 0.5, 0.83, 1.0, 3.0 and 5.0 µm by comparing the
sensor readouts with those measured by the reference instrument. It is found the counting efficiency of
OPC-N2 is 78% for the 0.5 µm PSL particles and ranging from 83-101% for PSL particles with the sizes
larger than 0.8 µm. A DC power supply is used to provide the required voltage for all the sensors, and a
STM32 microcontroller is utilized to collect the readouts of all the PM sensors via the serial interface and
Universal Serial Bus (USB).
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2.2 Experimental Setup
Fig. 2 shows the schematic diagram of the experimental setup assembled for this study. The setup
includes three major components for the particle generator, RH-conditioner and sensor testing chamber.
For the generation of hydrophobic particles, a powder disperser (TOPAS, SAG410/U) was employed to
airborne the Arizona road dust (ARD; A1 ultrafine dust). A SKC cyclone was applied to remove dust
particles with diameters larger than 10 µm. For the generation of hydroscopic particles in the submicrometer size range, a custom-made Collison atomizer was used to produce droplets from various
solutions. Four solutes, i.e., Sodium Chloride, Glucose, Oxalic Acid, Potassium sulphate, were selected in
this study to generate particles in single and binary components. Atomized droplets were directed through
a diffusion dryer (with the silica gel as the desiccant) to remove the solvents in droplets. The chemical
composition of resultant particles was determined by the mixture percentage of solutes in atomized
solutions. An ultrasonic nebulizer (SONAER 241CST) was also used to generate NaCl droplets.
Generated droplets were directed into a cylindrical chamber in a large diameter to evaporate the water in
droplets by mixing them with dry clean air. The resultant particles were solid NaCl particles with a larger
mean particle diameter compared with those generated by the Collision automizer. To generate externally
mixed particles, a 2nd Collison atomizer was applied to produce particles in the composition different
from ones produced by the 1st Collison atomizer. Two particle streams were then mixed to obtain
externally mixed particles for the testing. An air-operated vacuum pump (Air-Vac, TD260MSS) was
included at the downstream of the aerosol generation setup to control the flow rate of particle stream
entering the RH-conditioner. Prior to the RH conditioner, resultant particles were passed through the
Po210 neutralizer to minimize the electrical charges on particles for reducing the electrostatic particle loss
during the sampling and transport of particles in selected PM sensors (Forsyth et al., 1998).
In the RH conditioner (i.e., a cylindrical chamber with a large diameter), the particle stream from
the Po210 neutralizer was mixed with a humidified air flow by bubbling the dry air through DI water in the
glass bottle and mixing with the dry makeup air (in order to have a desired flow rate of humidified air).
Two mass flow meters (TSI 4000) were applied in the lines of humidified and dry air to monitor the flow
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rates. A close-looped temperature control (Polyscience, LS5) was employed to keep the DI water
temperature at the set value. At the set water temperature, the RH in the conditioner could be varied by
adjusting the flow rates of both humidified and dry air. A NIST-traceable hygrometer (Fisher Scientific,
Traceable) was inserted into the RH conditioner to monitor both the RH and temperature.
A plexiglass chamber with the inner diameter of 30 cm and height of 1.5 m was constructed as
the test chamber to house all the selected PM sensors. A 4’’ PVC cross was installed at the chamber top to
introduce the test particle stream into the chamber. To keep the RH in the test chamber the same as that in
the conditioner, the flowrate of particle stream entering the test chamber was set higher than that
withdrawn by the downstream pump. Two HEPA filter cartridges were installed at both side openings of
the cross to remove particles in excess flow. Three miniature hygrometers were also installed at the top,
middle and bottom sections of the test chamber to monitor the uniformity of the humidity in the chamber.
A perforated plate was placed close to the base of the test chamber to ensure the uniformity of the flow
profile in the chamber cross-section. Six 316 stainless steel tubes, evenly spaced, were inserted into the
test chamber from the base plate and penetrated through the perforated plate to reach the testing section of
the chamber. Five cost-effective PM sensors were mounted close to the top ends of five SS tubes (with
the top end sealed), and the one located at the center of the perforated plate was used as the sampling
probe for the TEOM. A large HEPA filter cartridge and a laminar flow element (Meriam, Z50MC2-2)
were placed at the exhaust of the test chamber to remove particles and monitor the flow rate of the
exhaust stream, respectively. A make-up airline whose flow rate could be adjusted via a control valve was
included in the exhaust line to provide enough flow rate for the downstream vacuum pumps. In this study,
the total flow rate in the test chamber was fixed at 150 L/min (LPM), resulted in an average chamber flow
velocity of ~3.5 cm/s.
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Figure. 2 Schematic diagram of the experimental setup to investigate the effect of relative humidity on the
performance of cost-effective PM sensors.

2.3 Testing Particles and Conditions
To investigate the RH effect on the performance of above selected PM sensors, the inlet openings
of all the PM sensors were positioned in the direction perpendicular to the chamber flow. Test particles in
different compositions, which were conditioned to various RHs, were produced. The RHs of 20% and 85%
were selected in the case with ARD particles (as hydrophobic particles). The RHs of 20%, 50%, 65%, 75%
and 85% were chosen in the case with NaCl particles (as hydrophilic particles). The selection of several
RH levels in the NaCl particle testing (compared to the two RHs in the ARD testing) is due to the
hydroscopic property of test particles.
Sea salt particles are one of the major PM sources in the ambient, particularly in the areas near
the coastal lines, and NaCl is the major composition in sea salt particles (Lewis et al., 2004). In addition
to the sea salt, the dicarboxylic acids (DCAs) represent a significant portion of the organic fraction in
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ambient particles (Chebbi et al., 1996; Kawamura et al., 1993; Wang et al., 2010; Yang et al., 2008).
DCAs can be generated by the internal engine combustion, biomass burning, and the oxidation of volatile
organic compounds (VOCs) in the photochemical reactions and in-cloud processes. As the most abundant
DCAs in atmospheric aerosols, the Oxalic acid, malonic acid, and succinic acid have been frequently
detected together with sea salt (Pope et al., 2010; Sullivan et al., 2007; Tervahattu et al., 2002). To
produce surrogates of ambient aerosol, the NaCl and Oxalic Acid (OA) were selected to represent the sea
salt and the DCAs, respectively, in this part of the study. Aqueous NaCl and OA solutions in 0.5% (by
volume) were prepared and mixed for the generation of internally mixed NaCl + OA particles. Glucose
was also selected as another ingredient for ambient particle surrogates because of its hydrophilic property.
Internally mixed NaCl + Glucose particles were generated from the mixture of aqueous NaCl and Glucose
solutions in 0.5% by volume. The mixture ratio of the NaCl solution to the OA/Glucose solution was kept
1:1 by volume. The RHs of 20%, 65% and 85% were selected in this part of the testing.
The RH effect on the sensor readouts for internally and externally mixed particles were also
investigated. In our study, “internally mixed” particles are defined as particles having binary chemical
components, regardless of well-mixed/segregated composition. “Externally mixed” particles are defined
as ones formed by mixing two streams of particles in different chemical compositions. Inorganic
chemicals of NaCl and K2 SO4 were selected in this part of the experiment. The selection of NaCl and
K2 SO4 was due to their solubility in water and obvious difference in the deliquescence points. To produce
internally mixed particles, aqueous solutions of NaCl and K2 SO4 (0.5% by volume) were well mixed and
filtered. The above solution mixture was then used as the spray solution in a Collison atomizer. To
generate externally mixed particles, two Collison atomizers were utilized to separately spray NaCl and
K2 SO4 solutions in 0.5% by volume and both particle streams were then mixed. The readouts of the PM
sensors were collected at the RH of 85% in the cases with internally mixed particles, and at the RH of 20%
and 85% in the cases with externally mixed particles.
The effect of the sampling misalignment (relative to the incoming flow) on the readouts of
sensors was investigated last. The misalignment angle of the sampling flow in this study was defined as
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0o when the sensor’s inlet opening is faced against the incoming flow. The motivation of this part of
testing stemmed from the fact that the wind direction in the ambient could be varied from time to time
while the sampling inlet of a PM sensor is fixed once installed, which could have its effect on the PM
sensors’ readouts. Three misalignment angles for the particle sampling, i.e., 0°, 90° and 180°, were
selected. For this part of testing, the RH in the test chamber was kept at 20%, and NaCl particles with
different size distributions were utilized. NaCl particles with sub-micrometer mean particle diameter were
produced by spraying an aqueous NaCl solution of 0.5% in volume via a custom-made Collison
automizer, while an ultrasonic nebulizer (SONAER 241CST) was applied to spray an aqueous NaCl
solution of 0.25% in volume to generate NaCl particles with a super-micron mean particle diameter. The
size distributions of particles used in this part of the study are shown in Fig. S1 for the reference.

3. Result and Discussion
3.1 For hydrophobic and hydrophilic particles
ARD (i.e., A1 ultrafine dust) and NaCl particles were selected in this part of the testing to
investigate the effect of the RH on the readouts of selected PM sensors. Fig. 3 shows the correlation of the
readouts of PM sensors to the corresponding TEOM-measured particle mass concentration at RHs of 20%
and 85% in the case of ARD particles. As expected, the increase of the RH has negligible effect on the
readouts of all the sensors.

181

Figure. 3 Calibration of cost-effective PM sensors for hydrophobic ARD particles at RHs of 20% and
85%.
Fig. 4 shows the linear correlation for all the sensor challenged by hydrophilic NaCl particles at
the RHs of 20%, 50%, 65%, 75% and 85%. It was found the readouts of all PM sensors were independent
on the RH when the RH value was less than 75%. When the RH was increased up to 85%, the slope of the
correlation line for each PM sensor increased significantly which means with the same TEOM-measured
particle mass concentration, the readouts of all the PM sensors obviously increased. For the NaCl
particles, Its DRH is ~75% (Cruz et al., 2000; Pope et al., 2010; Tang et al., 1977). When the RH is
higher than the DRH, NaCl particles absorb enough moisture and abruptly change its phase from the solid
to the liquid, resulting in a significant increase in the particle size. Size-enlarged particles led to the
increased light scattering and sensor readout.
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Figure. 4 Calibration of cost-effective PM sensors when challenged by hydrophilic NaCl particles at RHs
of 20%, 50%, 65%, 75% and 85%: (a) LD12, (b) LD16, (c) SDS018, (d) SPS30, (e) OPC-N2.

3.2 For particles in the binary components
The chemical compositions of atmospheric particles are typically composed of a couple or more
chemicals. To understand the RH effect on the readout of PM sensors when applied in the field, particles
with the inorganic-organic compositions (i.e., NaCl + Glucose; NaCl + OA) in the 1:1 volumetric ratio
were generated for this part of testing.
Fig. 5 shows the linear correlation for all the PM sensors when tested by NaCl + Glucose
particles at the RHs of 20%, 65% and 85%. It was found the readouts of all the sensors were increased as
the RH was increased. However, the DRHs of pure NaCl and anhydrous α-Glucose particles are ~75%
and ~90%, respectively (Peng et al., 2001; Salameh et al., 2006). DRHs of both particle materials in the
pure form are higher than 65%. The data shown in Fig. 5 indicates that the DHR of internally mixed
particles could be significantly lower than those of particles in pure individual materials. As reported by
Salameh et al. (2006), a significant low DRH for particles composed of two or more deliquescent
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materials was observed (compared to those for particles in pure individual materials), and the DRH of
internally mixed particles was independent with the mixing ratio of composite materials according to the
Gibbs-Duhem Equation. The reduced DRH for internally mixed NaCl + Glucose particles may explain
the increased readouts of PM sensors at the RH of 65%. If the RH was continually increased up to 85%,
the mass concentration reported by the PM sensors significantly increased due to the continuous
deliquescence of NaCl + Glucose particles.

Figure. 5 Calibration of cost-effective PM sensors when evaluated by internally mixed NaCl+ Glucose
particles at RHs of 20%, 65% and 85%: (a) LD12, (b) LD16, (c) SDS018, (d) SPS30, (e) OPC-N2.
Fig. 6 shows the calibration lines for NaCl + OA particles at the RHs of 20%, 65% and 85%. It
was evidenced that the increase of the RH from 20% to 65% had no obvious effect on the readouts of all
the PM sensors for NaCl + OA particles. This observation was consistent with what had been reported in
the work of Peng et al. (2016). Peng et al. (2016) investigated the hygroscopic behavior of
multicomponent aerosols involving NaCl and Dicarboxylic Acids and found that no obvious hygroscopic
growth of NaCl + OA particles in the mass ratios of 1:3 and 1:1 was observed when the RH is lower than
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75%. The DRH of NaCl + OA particles in the mass ratio of 3:1 was observed ~73%, slightly less than
75%. For the internally mixed NaCl + OA particles used in this study, since the volumetric ratio of 1:1 led
to a mass ration close to 1:1, no obvious deliquescence was expected to occur at the RH of 65%. At the
RH of 85%, the readouts of all the sensors significantly increased due to the water uptake of NaCl + OA
particles.

Figure. 6 Calibration of cost-effective PM sensors when evaluated by internal mixture of NaCl+OA
particles at RHs of 20%, 65% and 85%: (a) LD12, (b) LD16, (c) SDS018, (d) SPS30, (e) OPC-N2.
For the reference, at the RH higher than 75%, the observed particle growth of NaCl + OA
particles was found less than that predicted by the theory (Peng et al., 2016). It is found di-sodium oxalate
(Na2 C2O4), which is less hydroscopic than NaCl and OA, was present in resultant NaCl + OA particles
likely due to the HCl evaporation in the dehydrate process of aqueous droplets generated by atomizers
(Ma et al., 2013; Wu et al., 2011). The presence of less hygroscopic Na2 C2 O4 resulted in the reduced
water uptake of resultant NaCl + OA particles when exposed in a high RH environment. It has also been
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confirmed that the presence of organic compounds in particles could decrease the water uptake of NaCl
due to the chemical reaction between inorganic and organic compounds in droplets (Chan et al., 2003).

3.3 For particles of internally and externally mixed NaCl and K2SO4
Particles in the ambient could be either ones in multi-components (i.e., internally mixed), ones
mixed with particles in single components (i.e., externally mixed), or combined. The readouts of PM
sensors when tested with internally and externally mixed particles under the high RH were studied in this
part. As mentioned in section 2.3, the internally and externally mixed NaCl + K 2SO4 particles with the
same overall volumetric fractions of NaCl and K 2SO4 were generated accordingly, and the RH was set at
85%. For the reference, the readouts of PM sensors for externally mixed particles at the RH of 20% were
also collected.

Figure. 7 Calibration of cost-effective PM sensors when tested by internally mixed NaCl+K 2SO4 particles
at RHs of 20% and 85%, and external mixture of NaCl and K2 SO4 particles at the RH of 85%: (a) LD12,
(b) LD16, (c) SDS018, (d) SPS30, (e) OPC-N2.
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Fig. 7 shows the correlation between the readouts of the PM sensors and the corresponding
TEOM measurement for both internally and externally mixed NaCl + K2 SO4 particles. For externally
mixed particles, with the increase of RH from 20% to 85%, the readouts of the PM sensors increased due
to the moisture uptake of particles. Because the DRH of pure K2SO4 is ~ 96% (Freney et al., 2009), the
increase in the readouts is primarily due to the deliquescence of NaCl particles in externally mixed
particles. For internally mixed particles, it was found the readouts of PM sensors increased at the RH of
85% (compared to those for externally mixed particles at the RH of 20%) and were even higher than those
for externally mixed particles. To explain the above observation, the deliquescence behavior of internally
mixed inorganic particles was briefly introduced in the following.
For internally mixed particles, the mutual deliquescence relative humidity (MDRH), i.e., the 1st
DRH, triggers the deliquescence of internally mixed particles (Li et al., 2014). The MDRH of bicomponent inorganic aerosols is independent of their mixing ratio and always lower than the DRH of
each component (Wexler et al., 1991). When the RH setting is higher than the MDRH, both the solid
phase and saturated aqueous solution co-exist in individual particles. When the RH is continually
increased and higher than the 2nd DRH of the mixed particles, only the aqueous solution exists. In our
study, the set RH of 85% is between the DRHs of NaCl and K2SO4. NaCl in individual particles was
totally dissolved and the phase of K2 SO4 could be either in the co-existed solid and aqueous solution (if
the RH is lower than the 2nd DRH of NaCl+K2 SO4 particles) or in the aqueous solution only (if the RH is
higher than the 2nd DRH). The total water uptake is increased under the above two scenarios compared
with that for the externally mixed particles in which only the NaCl particles absorb the water moisture
significantly. The higher PM sensor readouts (compared with those for externally mixed particles) might
be attributed to the higher moisture uptake for internally mixed NaCl+K2 SO4 particles.

3.4 On the Linear Correlation of the Sensor readout to the TEOM data
The linear correlation of the sensors’ readouts to the corresponding TEOM-measured mass
concentration was investigated in this section. Table. 2 summarizes the correlation slopes of selected PM
sensors for various test particles at the RHs of 20% (a) and 85% (b). Note that the readout of a sensor is
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close to the TEOM mass concentration when the correlation slope is close to 1.0. At the RH of 20%, it
was found that the general correlation slope ranking among all the sensors was SDS018 > LD12 ≳ OPCN2 > LD16 ≳SPS30 for all the tested hydroscopic particles. The correlation slopes for the sensor
SDS018 were the highest among all the sensors and their values were either higher than or close to 1.0
(i.e., its readout is always higher than the actual value). The correlation slopes for the sensor LD12 and
OPC-N2 were close to 1.0 except for the internally mixed NaCl+K2SO4 particles (which was 0.73 and
0.68 respectively). For the sensors of LD16 and SPS30, their slopes were much less than 1.0 in all the
hydroscopic particle cases. Various factors may contribute to the above experimental observation.
Table. 2 The linear correlation of the readouts of cost-effective PM sensors and the corresponding particle
mass concentration for various testing particles at RHs of (a) 20% and (b) 85%
(a)
Sensor
LD12
LD16
SDS018
SPS30
OPC-N2

NaCl_sub
k
R2
1.04
0.99
0.59
1.00
1.20
1.00
0.44
1.00
0.85
0.99

ARD
2

k
0.89
0.49
1.17
0.71
0.93

R
0.97
1.00
1.00
1.00
0.98

NaCl + Glucose
k
R2
1.17
1.00
0.66
1.00
1.49
1.00
0.50
0.99
1.14
0.99

NaCl + OA
k
R2
0.97
0.982
0.58
0.99
1.26
1.00
0.51
1.00
1.02
0.98

NaCl + K2SO4*
k
R2
0.73
1.00
0.43
1.00
0.99
1.00
0.44
1.00
0.68
0.99

NaCl + Glucose
k
R2
1.89
1.00
1.07
1.00
2.69
0.99
0.65
1.00
2.19
0.99

NaCl + OA
k
R2
1.60
0.98
0.92
1.00
2.14
1.00
0.72
0.99
1.89
0.98

NaCl + K2SO4*
k
R2
1.17
0.99
0.68
1.00
1.86
1.00
0.58
1.00
1.37
0.98

(b)
Sensor
LD12
LD16
SDS018
SPS30
OPC-N2

NaCl_sub
k
R2
2.50
1.00
1.39
1.00
3.75
1.00
0.96
0.98
2.72
0.92

ARD
k
0.89
0.48
1.16
0.74
0.79

2

R
0.99
1.00
1.00
1.00
0.99

*

External mixed particles

Note that the equation of y=k*x was used to fit the correlation between y (the readout of a PM sensor) and x (the
TEOM data). and k is the slope of the linear line. The R2 is the coefficient of determination.

First, each PM sensor has its own design of a winded passage for transporting sampled particles
to the sensing volume, resulting in different particle losses. The loss of particles in the transport passage
of each PM sensor in general depends on the passage channel design, sampling flow rate and particle size
as well as the electrical changes on particles. Secondly, the non-uniformity of the particle distribution
across the channel cross-section of a PM sensor could be another influencing factor for the sensor’s
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readout because not all the particles are passed through the viewing volume of the sensor. The counting
efficiency of a light scattering device, which is also dependent on the particle size, is also a contributing
factor to the change of correlation line slope. Cost-effective PM sensors often use a correction factor to
take the consideration of the mass concentration of particles with the sizes less than the lower detection
limit, which may contribute to different correlation line slopes observed. The particle co-incidence for PM
sensors of the OPC type would be an additional factor resulting in the observed difference in the
correlation line slopes. The max. concentration of particles prior to the particle coincidence for a PM
sensor depends on the size of its sensing volume. Lastly, the readouts of light-scattering PM sensors are
determined by the signal processing and empirical calibration curves included in PM sensors, which are
not publicly shared.
For examples, the detection part of the sensor LD16 is like that of the sensor LD12. However, the
particle transport channel in the sensor LD16 is much more complex (described in the section 2.1)
compared to that in the sensor LD12. It was found the correlation slopes for the sensor of LD16 were
much lower than those for the sensor of LD12 for all kinds of particles especially for the super-micron
ARD dust under different RHs according to Table 2. The significant particle loss in the sensor LD16 may
explain this observation. For the sensor of SPS30, the correlation slope for the ARD dust was much
higher than those in other cases (i.e., 0.71 for ARD vs. 0.44, 0.50, 0.51 and 0.44 for NaCl, internally
mixed NaCl + Glucose, NaCl + OA, and NaCl + K2SO4 particles, respectively). As is shown in Figure
S1, compared with the ARD dust, the NaCl, internally mixed NaCl + Glucose, NaCl + OA and
NaCl+K2SO4 particles have a much lower mean particle size. Since the lower detection limit in the
particle size is 0.3 µm for the sensor of SPS30, particles with the sizes less than 0.3 µm cannot be
detected, which might result in the significantly low readouts.
At the RH of 85%, the correlation slope ranking among all the sensors was SDS018 ≳ OPC-N2 >
LD12 > LD16 > SPS30 in the cases with hydroscopic particles. In general, the correlation slopes for all
the sensors significantly increased compared with those at the RH of 20%. For the sensor SDS018, the
ratio of the correlation slope at the RH of 85% to that at the RH of 20% was in fact higher than those for
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the other sensors. The above observation indicates that the readout of the sensor SDS018 is significantly
affected by the RH. The correlation slope for the sensor OPC-N2 was slightly higher than that for the
sensor LD12. The same as what has been observed at the RH of 20%, the correlation slope for the sensors
LD16 was higher than that for the sensor SPS30 but their slope values were still the two lowest ones
among all the sensors. The linear correlation for the sensors at other RH settings can be found in Table S1.
Notice that the readouts of selected PM sensors at low and high RHs could not be applied to measure the
hygroscopic growth of particles. It is supported by the example cases of pure NaCl particles for simplicity.
The selection of the above example is also because the hygroscopic growth of NaCl has been well studied.
The ratios of the correlation lines slopes at the RH of 85% to those at the RH of 20% by each PM sensor
are 2.43, 2.35, 3.17, 2.19 and 3.19 for the sensors LD12, LD16, SDS018, SPS30 and OPC-N2,
respectively. However, the mass growth factor of NaCl particles at the RH of 85% based on the
theoretical prediction is ~ 4.94 (Cruz et al., 2000). The above example evidences our finding. Various
factors may contribute to the observed discrepancy. For examples, the counting efficiency for particles in
the sizes close to the lower size detection limit is different for different PM sensors (although their lower
size detection limits are all claimed at ~ 0.3 µm). The loss of measuring particles in small sizes may result
in the above discrepancy, particularly for particles having a significant portion in the small size range.
The readouts of ensemble-based PM sensors also depend on the pre-defined calibration curves which are
established using standard particles and reference instruments. As the refractive index and density of
particles changed due to the hydroscopic growth (e.g., Cabada et al., 2004), the readouts of PM sensers
are likely different from the actual ones. The particle loss in the winded transport channels of PM sensors
is another factor contributing to the above discrepancy. The particle loss in the transport channels of PM
sensers may be increased as the particle sizes are enlarged after the hydroscopic growth. The nonuniformity of particle distribution in the cross-section, particularly for large particles, may also have its
contribution on the sensor-measured mass ratios because only particles in a small portion of the crosssection where the sensing volume is are measured in photometer-typed PM sensors.
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Methods have been proposed to correct the readouts of cost-effective PM sensors at a high RH
condition for the mass concentration of dry particles. The κ-Kӧhler theory describes the relationship
between the particle hygroscopicity and volume by a single hygroscopicity parameter, κ (Petters et al.,
2007). Based on the above theory, Crilley et al. (2018) proposed to correct the readouts of the sensor
OPC-N2 at high RHs by the following,
𝜌𝑤
∗𝜅
𝜌𝑝
𝑚
=1+
1
𝑚0
−1 + 𝑎
𝑤

(1)

where, m is the original readout of the sensor at a high RH, m0 is the sensor readout for dry particles from
the reference instrument. ρw and ρp are the density of water and dry particles, respectively. aw is the water
activity which is equal to the ambient RH in decimal form. The hygroscopicity parameter κ can be
obtained by the curve fitting between m/m0 and aw. With the κ known, the mass ratio can be calculated,
and the corrected sensor readout can be obtained. By applying this method, the difference between the
corrected PM2.5 mass concentrations and the reference values were within 33% of the reference
measurements. Di Di Antonio et al. (2018) further developed a size distribution-based correction
algorithm according to the same theory. They also reported a significant improvement on the accuracy of
the readouts for the sensor OPC-N2 under high RHs if a reasonable κ value was defined.
To test the above correlation method proposed by Crillet et al. (2018), we took to the case of
NaCl particles as example. According to Petters et al. (2007), the κ value for NaCl is ~1.12. With the bulk
material density of NaCl is 2.16 g/cm3, the ratio between the readout of the sensor and the corresponding
TEOM data at the RH of 85% were calculated as 4.03. With the above ratio, the slope of the calibration
lines for sensors of LD12, LD16, SPS018, SPS30 and OPC-N2 were corrected as 0.62, 0.34, 0.93, 0.24
and 0.67, respectively. From Table 2a, under a low RH (i.e., RH=20%), the slopes of the calibration lines
for above PM sensors were 1.04, 0.59, 1.20, 0.44, and 0.85, respectively. The previously proposed
correction parameter results in significantly underestimation of dry particle mass concentration measured
by TEOM for pure NaCl particles, particularly for PM sensors based on multiple particle technique.
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Table. 3 The empirical correction parameters, κ, for the pure submicron NaCl particles, internally mixed
NaCl + Glucose, NaCl + OA, and externally mixed NaCl + K2SO4 particles using the experimental data
obtained in this study.

κ

NaCl_sub

NaCl + Glucose

NaCl + OA

NaCl + K2SO4

0.630

0.211

0.213

0.288

In general, the hygroscopicity constant κ used to describe the hygroscopicity of particles is highly
dependent on the chemical composition of particles (Crilley et al., 2020). Due to the complexity of the
chemical compositions of ambient aerosols which could be varied by location and time, it is difficult to
find a universal κ value applicable for all the cases. Even under the condition that the chemical
compositions of particles are well defined, in which the κ value can be reasonably determined, the sensor
readouts would have the difficulty to be corrected for the actual hygroscopic growth of particles due to
various reasons: for examples, lower counting efficiency, the particle loss in the sensor’s transportation
channel, the non-uniformity distribution of particles across the sensing cross-section, and the change of
the particle property due to the hygroscopic growth (i.e., refractive index and density) and so on. For the
reference, Table 3 gives the empirical correction parameters for the pure submicron NaCl particles,
internally mixed NaCl + Glucose, NaCl + OA, and externally mixed NaCl + K2 SO4 particles using the
experimental data obtained in this study. The readouts under the RH of 20% were treated as the dry
particle mass concentrations measured by the PM sensors, and the mass ratios between the readouts under
high RHs and the dry mass concentrations were calculated first for each PM sensor based on the
experimental data. With equation (1) and a randomly predefined κ, the mass ratios under different RHs
can be calculated. Owning both the mass ratios from the experiment data (as the objective values) and the
calculated mass ratios, the sum of the square of the residuals (SSR) of the calculated mass ratios can be
calculated for each iteration. The iterations were kept run until the final κ values were determined when
the SSR for all the five sensors under different RHs were minimal. Note that, the real densities of the
particles/particle mixtures were utilized in the determination of κ. Table. 4 shows the comparations
between the slopes of the correlation line under the RH of 20% and the corrected ones under the RH of
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85%. It can be found with the empirical κ value derived from the experimental data, the overestimation
of the PM mass concentration due to the hygroscopic growth of particles can be well corrected. When
deriving the κ values, only limited number of RH values were selected. Due to the concern of the
uniformity and accuracy on the RH control in our large test chamber (despite of all the effort making the
uniformity and accuracy of RH in our test chamber), we were not able to vary the chamber RHs in fine
resolution.
Table. 4 The comparation of the correlation line slopes of selected PM sensors at 20% RH (measured) and
those corrected from the data measured at the RH of 85% (via Eq. 1) for the cases with pure submicron
NaCl particles, internally mixed NaCl + Glucose, NaCl + OA, and externally mixed NaCl + K2SO4
particles.
Sensor
LD12
0LD16
SDS018
SPS30
OPC-N2

NaCl_sub
k_20%
k_85%
1.04
0.94
0.59
0.52
1.20
1.41
0.44
0.36
0.85
1.02

NaCl + Glucose
k_20%
k_85%
1.17
1.15
0.66
0.65
1.49
1.63
0.50
0.39
1.14
1.33

NaCl + OA
k_20%
k_85%
0.97
1.00
0.58
0.57
1.26
1.34
0.51
0.45
1.02
1.18

NaCl + K2SO4
k_20%
k_85%
0.73
0.69
0.43
0.40
0.99
1.11
0.44
0.34
0.68
0.82

It is thus suggested that the readouts of cost-effective PM sensors shall be calibrated using
particles where the PM sensors are to be applied (because of the complex chemical composition of
ambient particles and simplified design of PM sensors). By assuming the minor seasonal variation of
local aerosols in their chemical composition and size distribution, the readouts of cost-effective PM
sensors could be corrected using the correction factor founded in local.

3.5 Effect of the sampling misalignment
The effect of the sampling misalignment, i.e., 0°, 90° and 180°, on the sensors’ readouts was
evaluated in this part of testing. NaCl particles with mean particle diameters in both sub-micrometers and
super-micrometers were generated at the RH of 20%. Notice that the tested particles are all solid at the
RH of 20%.
Fig. 8 shows the correlation among the readouts of five PM sensors with the mass concentration
measured by the TEOM when they were tested by NaCl particles with different mean particle diameters.
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It was found that the readout of each PM sensor under each selected sampling misalignment setting was
linearly correlated with the TEOM-measured particle mass concentration for both particle size
distributions. For the sensors of LD12, LD16, SDS018 and SPS30, the sampling orientation had
negligible effect on their readouts for particles in each tested size distribution. However, the correlation
slopes for particles with super-micrometer mean particle diameter were higher than those for particles
with sub-micrometer mean particle diameter which may be explained by the low detection efficiency for
the small particles. Since the average flow velocity in the test chamber was 3.5 cm/sec, the inertia of
particles carried by the chamber flow was very low. Thus, the effectiveness of the particle sampling for
the PM sensor merely depended on the air flow field around the sensor. The flow field surrounding a PM
sensor was affected by the sensor package size and the sampling flow driven by the sensor’s fan in
addition to the chamber flow. Since the package sizes of all four PM sensors (except OPC-N2) were very
compact (in a rectangular and thin box), the disturbance on the flow surrounding a sensor due to its
presence could be neglected.
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Figure 8 Effect of the sampling misalignment on the readouts of cost-effective PM sensors. The
misalignment angles were set as 0°, 90° and 180°, and test particles are NaCl particles in both submicrometer and super-micrometer size ranges at the RH of 20%: (a) LD12, (b) LD16, (c) SDS018, (d)
SPS30, (e) OPC-N2.
Unlike the above observation, the linear correlations of the OPC-N2 readouts to the
corresponding TEOM data were different under different sampling misalignment settings. For the same
TEOM mass concentration, the correlated readout for sensor OPC-N2 was higher at the sampling
misalignment angle of 0°, and lower at the angle of 180° (compared to that at the setting of 90°). The
above observation was more obvious in the case of particles with super-micrometer mean sizes compared
to that in the case of particles with sub-micrometer mean sizes. Since the OPC-N2 sensor package size is
much larger compared with the sizes of the other PM sensors, the presence of this sensor may
significantly block the chamber flow field, resulting in the non-uniform distribution of particles
surrounding the sensor. Less large particles would be present in the wake region of the sensor. The
correlation slope for the sensor OPC-N2 at the 0° sampling setting is thus higher than that at the 180°
sampling setting.
Our finding shows that, when a cost-effective PM sensor is applied in the field, the sensor inlet
shall be clear of any flow obstacle. The effect of sampling alignment on the performance of PM sensors
and the correction of the sensor readouts shall be taken into the consideration in the field application of
some cost-effective PM sensors under the calm air condition.

4. Conclusion
The RH effect on the performance of five cost-effective PM sensors, i.e., Luftmy LD12, LD16,
Sova SDS30, Scensirion SPS30 and Alphasense OPC-N2 were investigated in this study. Test particles
including ones in the single component, i.e., ARD and NaCl, and in the binary components (or internally
mixed), i.e., NaCl + Glucose, NaCl + OA and NaCl + K2 SO4 , were generated for this study. In addition, a
mixture of NaCl and K2SO4 particles (i.e., externally mixed) was also produced for the comparison
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purpose. The TEOM, one of the FRMs, was selected as the reference instrument for the measurement of
particle mass concentration. The RH was varied between 20% to 85%.
Consistent with what reported in the previous studies, a linear correlation between the sensor
readouts and the corresponding TEOM data was found in all the testing cases at a specific RH setting
although the slope of the correlation line may not be close to 1.0, i.e., the readouts of tested PM sensors
were not the same as those measured by the TEOM. The correlation slopes for each sensor were varied as
the RH setting was changed, particularly for particles made of hydroscopic materials.
For hydrophobic particles (i.e., ARD particles), the humidity has negligible effect on the readouts
of all the PM sensors (as expected). For the hydrophilic particles in the single component, e.g., NaCl, no
significant humidity effect on the PM sensor’s readouts was observed when the RH was less than the
DRH of the delinquent material. As the RH setting was higher than DRH of the particle material, the
readouts of PM sensors were significantly increased due to the deliquescence of particle materials.
The effect of RH on the sensor readouts is more sophisticated for particles made of multiple
delinquent materials. In the cases of particles composed of inorganic and organic materials, the DRH of
these composite particles was lower/higher than the DRHs of individual materials. For NaCl+Glucose
particles, the DRH of composed particles was lower than those of pure NaCl and glucose materials. The
deliquescence of NaCl+Glucose particles would occur at a low humidity, resulting in the increased
readouts of all the PM sensors. For NaCl+OA particles, the less hygroscopic di-sodium oxalate (Na2 C2 O4 )
was formed in resultant particles (due to the chemical reaction between NaCl and OA and the evaporation
of the HCl byproduct) , and the DRH of resultant particles is not obviously reduced compared with that of
NaCl and OAs. The readouts of PM sensors would increase only at a relatively high RH. In the cases of
particles composed of two delinquent materials, e.g., NaCl+K2 SO4 particles in this study, the water
uptake by the composite particles was more than that by the mixture of particles of individual materials
(having the same volumetric percentages as that for composite particles).
The correlation slopes of the PM sensors for different hydroscopic particles were also compared.
It was found that various designs in optical arrangement, particle transport passages, signal processing,
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and different empirical sensor calibration may lead to the different correlation slopes for PM sensors. The
ratios of the correlation slopes at high and low RH conditions for selected cost-effective PM sensors were
compared to the theoretical factor for the hydroscopic growth of pure NaCl particles. It was found that the
ratios of selected PM sensors did not follow the actual hygroscopic growth of particles. The singleparameter method with the previously published hygroscopicity constant for correcting the readouts of
cost-effective PM sensors at high RHs was further tested (Crilley et al., 2018). It is found that the use of
previous correction values significantly underestimated dry mass concentration of particles. Empirical
hygroscopicity constants based on our experimental data are thus provided for the reference.
It is thus recommended, for the practical applications, the readouts of cost-effective PM sensors
shall be calibrated using field particles under the ambient RH condition in order to get mass concentration
readings in good quality (assuming the minor change of field particles in their compositions and the size
distribution, and the ambient RH). This study also found that the sampling misalignment may have its
effect on some PM sensors. How to properly position the PM sensors to minimize the sampling
misalignment effect shall be considered in practice.
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